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Abstract: One of the urgent problems in reciprocating machinery is ensuring the functional properties
of direct-flow valves. Coatings of these parts should increase energy efficiency, reduce compressed
gas temperature, and increase compressor performance. In this article, the effect of nitrocarburizing in
pastes on increasing the performance and resource of such valves was studied. The primary research
methods were metallographic and electron-metallographic research of the surface layer structure of
steel 60Si2Cr. Comparison with similar characteristics obtained for stainless steel 09Cr15Ni8Al was
also performed. As a result, it was determined that nitrocarburizing of carbon spring steel 60Si2Cr
leads to a greater depth of the diffusion layer than nitrocarburizing of alloyed chromium-nickel
steel 09Cr15Ni8Al. Simultaneously, the diffusion layers of both types of steel are almost the same.
Simultaneously, the increase in the endurance limit of 60Si2Cr steel during nitrocarburizing is about
1.3 times compared to untreated material. Finally, the predictive maintenance showed that the
evaluated lifetime of nitrocarburized valves increases by 5.7 times compared with untreated valves.

Keywords: chemical–thermal treatment; energy efficiency; nitrocarburizing; flow valve; reciprocating
compressor; industrial innovation; corrosion-resistant steel; predictive maintenance; fatigue stress

1. Introduction

Direct-flow valves are the closing device in the gas path of the reciprocating compressor
cylinder. They are designed to control the suction and discharge of air and gas reciprocating
compressors, operating in a non-aggressive environment, with a crankshaft rotation speed
not exceeding 1000 rpm [1]. The valves are structurally simple and consist of limiters and
seats connected by different rings [2].

The gas flow passing through the valve practically does not change its direction.
Simultaneously, low pressure and power losses are ensured by a large hydraulic cross-
section of the valve. The operational experience of reciprocating compressors shows that
direct-flow valves, compared with valves of other designs (poppet, plate, etc.), are more
reliable and differ in operational durability. According to the supplier information, the
direct-flow valves operate almost silently, with an energy efficiency increased by up to 40%
compared to valves of other designs, for example, ring, band, plug, and poppet valves.
When using direct-flow valves, the specific power consumption is reduced by 5–12%, the
temperature of the compressed gas is reduced, and the compressor performance is increased
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by 6–10% [3]. The temperature of the compressed gas and the compressor performance are
also decreased.

Depending on the operating environment, the housings of the valves are made of
brass, aluminum, or steel [4]. Plates are made of high-quality spring or stainless steel. The
design of a direct flow valve may have spring plates in the form of rectangular strips. The
valve plate blocks the flow of gas in the direction of its movement. The manufacture of the
plates for direct-flow valves is simpler than for other valves, such as ring valves, but the
material must have higher elastic properties.

The plate is made of a thin steel spring strip. The thickness of the plate is selected
depending on its height (the height depends on the type of the direct-flow valve): at the
height of 40 mm, the thickness is 0.2 or 0.3 mm; at the height of 60 mm—0.3 or 0.4 mm.
The thickness of the plate limits the scope of direct-flow valves in terms of a pressure drop
not higher than 4.0 MPa. At high-pressure drops, plates of the specified thicknesses are
destroyed, and an increase in thickness leads to an increase in rigidity and rapid failure
due to the appearance of fatigue cracks.

Technological methods of hardening the surface layers of elastic elements of direct-
flow strip valves, providing a change in their mechanical properties, play an important role
in increasing their wear resistance and durability.

Increasing the fatigue strength of plates is an urgent need to ensure the valves’
reliable operation.

It is possible to optimize the fatigue characteristics of steel by selecting chemical–
thermal treatment modes. The chemical–thermal treatment increases the wear resistance of
machine parts, mainly due to an increase in the hardness of the surface layer [5]. However,
surface treatment leads to the formation of layers and diffusion zones with significantly
different properties and failure mechanisms than the untreated steel, including increased
fatigue characteristics [6].

Additionally, the full potential of the possibilities of applied coatings and products
manufactured with their use is not yet fully used. This is because the features of using
various types and variants of coatings in combination with different materials of products
have not been studied thoroughly. Additionally, the advantages of using complex technolo-
gies for the manufacture of coated products have not been analyzed. Qualitatively, new
properties of coated products are provided at all stages of the technological process, namely,
coating, processing the product, and preparing it for operation. This gives grounds to con-
duct further research in this area to improve coating technologies and create fundamentally
new variants to improve the quality of products for various purposes.

The highly efficient way of saturating the surface layers of steel with carbon and
nitrogen is nitrocarburizing. By varying the temperature, duration of the process, and the
composition of the gaseous environment, it is possible to obtain various concentrations of
nitrogen and carbon in the surface layer and different diffusion layer depths.

The object of the study is the impact of chemical–thermal treatment (nitrocarburiz-
ing) on fatigue and strength properties of valve plates under cyclic loading. The subject of the
study is the characteristics of the plates of the direct-flow valves of reciprocating compressors.

The article aims at substantiating the impact of nitrocarburizing on the hardening of
valves for a reciprocating compressor. The following objectives have been formulated to
achieve this goal. Firstly, fatigue processes occurring in plates under cyclic loading should
be analyzed. Secondly, an approach for increasing the fatigue strength of the valve sections
should be developed. Finally, the technology of hardening the valve plates of direct-flow
compressor strip valves by low-temperature nitrocarburizing under production conditions
should be proven.

In practice, a gas atmosphere is used for nitrocarburizing. In this case, an operating en-
vironment is obtained by thermal dissociating a liquid hydrocarbon (e.g., syntin, kerosene)
with ammonia. A mixture of natural gas and ammonia or endogas, methane, and ammonia
mixtures are also used in mass production.
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The disadvantage of nitrocarburizing is the instability of the process. This fact is due
to the impossibility of ensuring the exact composition of a nitrocarburizing environment.
However, it is possible for gas carburizing. Therefore, despite the significant process
intensity, nitrocarburizing is rarely used in mass production using permanent furnaces
with a controlled environment. In addition, gas nitrocarburizing, such as carburizing,
is carried out at temperatures above 800 ◦C, most often from 840 to 900 ◦C. Instead of
gas nitrocarburizing, using low-temperature nitrocarburizing in pastes is advisable. The
paste is applied directly to the reinforcing surfaces, which brings the reaction of generating
active nitrogen and carbon atoms as close as possible to the steel surface, where they
are immediately adsorbed and diffuse to the depth of the product. The consumption
of components of the saturating medium with such a mechanism is minimal, and the
saturating capacity is high [7,8].

The results of steel saturation with nitrogen and carbon during nitrocarburizing and
process modes (temperatures, carburization potentials, and time) are determined by the
content of alloying elements [7]. Particularly, when studying the carburization of high-
chromium steels, the chromium content affects the depth of saturation and the carbon
concentration in the diffusion layers.

An increase in the alloying degree leads to an increase in the ability of steel to incor-
porate carbon from the carburizer. This carbon is found in solid solutions and in carbides
which, in high-chromium steel, can occupy 80–90% of the volume [8].

The carbide layer on the surface of nitrocarburized chromium steels significantly
increases the hardness and wear resistance. However, due to its high fragility, it reduces
fatigue strength. Moreover, the best fatigue characteristics are reached for nitrocarburized
layers, the carbon content of which is about 0.7%. An increase in the carbon content above
this value leads to a decrease in the cyclic strength of nitrocarburized steel. This is due to
the increased retained austenite in the alloy [8,9].

When carrying out nitrocarburizing of parts by increasing the yield strength of the
diffusion layers and the internal compressive stresses of these layers as a result of processing,
it is possible to increase the fatigue strength. A favorable combination of mechanical
characteristics of the valve plates (tensile strength, yield stress, and endurance limit) is
created by the applied surface layers of nitrocarburized parts.

During the nitrocarburizing of steels, nitrogenous martensite and small dispersed
particles of carbonitrides are formed in the diffusion layers. As a result, a multiphase
system is formed with enhanced mechanical properties. Simultaneously, compression
stress occurs in the nitrocarburized layer [8]. Additionally, in [10,11], the high fatigue
strength of carburized and nitrocarburized parts is explained by the high yield point of the
surface layer.

Remarkably, using low-temperature (550–650 ◦C) chemical–thermal treatment for
machine parts is advisable for parts requiring a high endurance limit and not allowing
deformations during treatment. In this case, the part’s surface acquires higher strength,
and the core does not lose the properties given after previous treatment.

Currently, nitrocarburized coatings are widely used to improve the quality of products
in various branches of engineering. This is because the applied coatings increase the fatigue
strength of products, such as thin-section plates.

Since, for the elastic elements of direct-flow strip valves of compressors, it is necessary
to carry out hardening not entirely over the entire surface but of individual sections (plates),
it is promising to develop the technology of hardening by nitrocarburizing in the past.
Additionally, to increase the fatigue strength of thin valve plates during low-temperature
nitrocarburizing, it is possible to use a pasty carburizer, which has inexpensive and non-
toxic components in its composition: carbamide, ferrocyanide potassium, carbon black,
and dextrin glue as a liquid component to obtain a pasty consistency.

Therefore, the study of hardening by nitrocarburizing of elastic elements of direct-flow
strip valves of compressors is relevant.
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2. Materials and Methods
2.1. Laboratory Equipment and Characteristics of Materials

Valve plates are usually made of corrosion-resistant steel of austenitic-martensitic class
09Cr15Ni8Al. This material can be replaced with high-quality spring steel 60Si2Cr (analog
of silicon-manganese steel AISI 9254) (Table 1).

Table 1. The chemical composition of 60Si2Cr, % wt.

C Si Mn Cr Ni Cu S P

0.56–0.64 1.40–1.80 0.40–0.70 0.70–1.00 ≤0.25 ≤0.20 ≤0.025 ≤0.025

Thermal treatment (quenching from 860–870 ◦C and tempering at 350–400 ◦C) provides
higher strength and a longer elastic regime before yielding. Additionally, hardening
increases the surface strength of steel parts operating under tension and compression [12].

Even in a single strip, the properties of steels 09Cr15Ni8Al and 60Si2Cr have a rel-
atively wide dispersion range. As a result, an error in assessing the fatigue properties
of the material can reach unacceptable values (80–90%). Therefore, an urgent objective
arises—controlling the strip, detecting sections with approximately the same properties,
and completing the valves with uniform plates.

Samples from selected types of steel were exposed to mechanical stress due to cold
plastic deformation. After, hardness was determined by the microhardness tester “PMT-3”
(“Standard-M”, Zaporizhzhia, Ukraine) with the following parameters: load range
19.6 mN–4.9 N; magnification ratio—×130, ×500, and ×800.

Due to the small thickness of the plates, a load of 2 N was applied. On each sample,
measurements were made by the indenter of the hardness tester at five points. The results
were averaged and converted to HRC.

Additionally, two sets of steels were strengthened, 09Cr15Ni8Al and 60Si2Cr (5 pieces
per lot), to increase the fatigue strength of the valve plates. Nitrocarburizing was carried
out for steel samples, cut from strips, and worked out to the required shape and size to
manufacture valve plates. They were covered with paste and packed in airtight containers
(the composition of the paste is specified in Section 3.2).

The following nitrocarburizing modes were used: temperatures—550 ◦C, and 650 ◦C;
duration—1, 3, and 5 h.

Two containers were loaded into the furnace: firstly, a container with plates from steel
09Cr15Ni8Al, and secondly steel 60Si2Cr. The countdown of the nitrocarburization began
after the container with the parts was preheated.

The container with the samples was heated by the muffle shaft furnace “SShOL-12-
M3-C4” (“TeploMarket”, Kyiv, Ukraine, Figure 1) with the following parameters: nominal
heating power—2.5 kW; nominal power for temperature regulation—1.5 kW; nominal
temperature—1250 ◦C; preheating time—130 min; temperature unevenness—15 ◦C; accu-
racy of automatic temperature regulation—1.5 ◦C; operating environment—air.

The container was placed in a furnace preheated to the required temperature. After
equalizing the temperature, the saturation time was started. After nitrocarburizing, cooling
of samples was carried out in the water, for which a separator was used (Figure 2).

After removing from the furnace, the container with the lid was placed in the socket of
the separator. Then, the lid was removed, and the container was placed inside the separator.
The contents of the container are poured onto the inclined lattice. Filler and waste coating
spilled down into the metal container, and the samples slid and fell into a tank with cold
water. The samples did not have time to cool before entering the water due to a low time
(less than a minute) for unpacking.
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ness was measured. The following equipment was used: microhardness tester “PMT-3”, 
metallographic microscope “MIM-7” (“Asma-Prylad, Ltd.”, Svitlovodsk, Ukraine), eye-
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μm). Polished sections were etched by the 3–5% nitric acid (НNO3) solution in ethylene to 
detect the microstructure of nitrocarburized steel 60Si2Cr. 

Figure 1. The design scheme of the stand for nitrocarburizing of valve plates: 1—plate; 2—carbon-
nitrogen coating; 3—filler (sand with carbon black); 4—container; 5—electric heater; 6—furnace
lining; 7—furnace housing; 8—furnace lid; 9—container lid; 10—sand-clay seal; 11—thermocouple;
12—temperature controller.
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Figure 2. The design scheme of the separator: 1—container; 2—socket; 3—shaft; 4—limiter;
5—inclined lattice; 6—parts; 7—hardening tank; 8—carburizer; 9—metal container; 10—lid.

After nitrocarburizing and cooling in water, the microslices were made on the samples.
After that, the microstructure of the diffusion layers was studied, and the microhardness
was measured. The following equipment was used: microhardness tester “PMT-3”, met-
allographic microscope “MIM-7” (“Asma-Prylad, Ltd.”, Svitlovodsk, Ukraine), eyepiece
micrometer “MOV-1-16” (JSC “Lomo”, Saint-Petersburg, Russia; accuracy—0.3 µm). Pol-
ished sections were etched by the 3–5% nitric acid (HNO3) solution in ethylene to detect
the microstructure of nitrocarburized steel 60Si2Cr.

2.2. Mathematical Model of Tightness

The main requirements for valves are maximum flow area; minimum dead volumes
introduced by valves; the most significant straightness of the gas flow; small displacements
and small mass of closing organs (decrease in impact force during landing); tightness,
simplicity of design, and low labor intensity of its manufacture. Therefore, significant
attention is paid to the tightness of a direct-flow valve since the plates must provide the
required tightness and rigidity when opening and closing, ensuring the timely closing of
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the valve. Valves are among the wear parts of compressors, and their failure accounts for a
large proportion of compressor failures.

According to the general assumptions of the reliability theory [13,14], the most com-
mon approach to studying the reliability of the mechanical system under dynamic loading
can be determined under the following hypothesis: a decrease in the reliability in time is
proportional to a reliability factor. In this case, if the considered factor is tightness T, its
negative time derivative −dT

dt is proportional to the value T with the arbitrary coefficient b:

− dT(t)
dt

= b·T(t), (1)

where t—time; T(t)—unknown time-variable tightness function; b—a particular propor-
tionality coefficient.

The separation of integration variables allows determining the solution of this first-
order differential equation:

dT(t)
T(t)

= −b·dt. (2)

Particularly, for the initial condition T(0) = T0, the general solution is as follows:

T(t) = T0e−bt. (3)

In the applied formula, the main parameters acquire the following physical meanings:
T0, T—initial and current tightness, respectively, s; t—time, 103 h; b—performance loss rate
for the valve, 10–3 h–1.

Applying this exponential distribution reliability function is also justified by the
more general case of reliability estimation based on unit generalized exponential distri-
bution [15]. However, the final justification of the proposed hypothesis and the corre-
sponding Formulas (1)–(3) should be realized below by the best fit with the obtained
experimental data.

For this purpose, the experimental data presented below allows evaluating the un-
known parameters T0 and k using the linear regression procedure [16] based on the condi-
tion of minimizing the least-square error:

R(T0, k) =
n

∑
i=1

[
ln
(

T0

Ti

)
− bti

]2
, (4)

where i, n—a current and the total experiment number; Ti—experimental tightness, s, after
a lifetime of ti, 103 h.

The necessary and sufficient conditions for the minimum of this functional
∂R
∂T0

= 2
n
∑

i=1

[
ln
(

T0
Ti

)
− bti

]
= 0;

∂R
∂k = −2

n
∑

i=1

[
ln
(

T0
Ti

)
− bti

]
ti = 0

(5)

after identical transformation and the use of the reverse matrix method led to the following
regression dependencies for evaluating the unknown parameters:

T0 = exp

{
∑n

i=1 t2
i ∑n

i=1 ln(Ti)−∑n
i=1 ti ∑n

i=1 tiln(Ti)

(∑n
i=1 ti )

2 − n ∑n
i=1 t2

i

}
; (6)

b =
n ∑n

i=1 tiln(Ti)−∑n
i=1 ti ∑n

i=1 ln(Ti)

(∑n
i=1 ti )

2 − n ∑n
i=1 t2

i

(7)
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The maximum lifetime tmax of a valve can be estimated analytically from the
following condition:

T0e−btmax = Tmin, (8)

where Tmin—a residual tightness of the valve. Particularly, Tmin = 10 s for valves from
steel 09Cr15Ni8Al.

After identical transformations of the last equation, the maximum lifetime takes
the form:

tmax =
1
b

ln
(

T0

Tmin

)
(9)

This formula allows rewriting the initial Equation (3) as follows:

T(t) = T0

(
T0

Tmin

)− t
tmax

(10)

The valve’s flow part design is directly related to the efficiency and reliability of the
compressors. Therefore, the tightness of the valve when closing and the reliability of its
operation are directly related to the operation of the plates, which is determined by the
properties of the material from which they are made.

3. Results
3.1. Studies of the Physical and Mechanical Properties of Steels

In up-to-date production, the development of effective technological processes is
essential to increase the durability and reliability of machine parts while permanently
increasing the intensity of operating conditions. Regarding the elastic elements of recip-
rocating compressors, a large reserve for increasing reliability is the production of strips,
including cold plastic deformation and advanced chemical–thermal treatment.

The destruction analysis of the elastic elements for compressor machines [17] shows
that the material is characterized by different structural states and physical and mechanical
properties. Simultaneously, fracture resistance depends on the loading mode, especially for
transitional steel 09Cr15Ni8Al.

It is necessary to analyze the structure and properties of materials for elastic elements
supplied by the industry in developing a particular structural state of a material that meets
the fracture resistance requirements.

The strip has unstable properties, uneven phases, and thickness distribution in the
delivery state. This can be related to the deformation intensity and the number of passes.

As a result, an increase in the degree of cold plastic deformation increases the amount
of the martensite phase.

Strength characteristics obtained during testing samples from a strip of different
groups for both types of steel are presented in Table 2.

Table 2. Hardness and strength of strips from steels 09Cr15Ni8Al and 60Si2Cr for different
group numbers.

Characteristics
Steel 09Cr15Ni8Al Steel 60Si2Cr

1 2 3 1 2

Hardness, HRC 48–52 47–51 39–43 46–50 49–59
Tensile stress, MPa 1500 1840 1360 1690 1720
Yield stress, MPa 1440 1780 1280 1630 1640

Table 2 shows that the distribution of properties by groups of spring steel 60Si2Cr is
more uniform than chromium-nickel steel 09Cr15Ni8Al. Nevertheless, the yield stress of
the 2nd group is approximately 11% lower than the 1st group. However, this characteristic
is practically the same during the tension (Table 3).
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Table 3. Characteristics of strips from steel 60Si2Cr.

Strip Group of
Steel 60Si2Cr

Hardness, HRC
Yield Stress, MPa Residual Stress,

MPaUnder Tension * Calculated

1 48 1630 1038 399

2 47 1640 932 358
* characterizes the average strength over the entire section of the strip.

The difference in properties for different types of steel 60Si2Cr is explained by the dif-
ference in the microstructure of the rejected strip sections. The microstructural analysis has
confirmed that strips from the 1st group have a finer-grained and more uniform structure
than the 2nd group. Defects of the last one cause a decrease in mechanical properties.

Thus, it can be concluded that spring alloys used to manufacture elastic elements for
compressor machines are characterized by different structures (especially steel 09Cr15Ni8Al).
The surface design structures are also different, even if used to manufacture similar elastic
elements, such as direct-flow valves. Therefore, steels 09Cr15Ni8Al and 60Si2Cr have
different structure modes, causing different mechanical properties in the delivery state.

3.2. Development of an Environment for Low-Temperature Nitrocarburizing

For nitrocarburizing valve plates, it can be recommended a paste of the following
composition: carbamide—20–25%; ferrocyanide potassium—25–20%; carbon black—55%.
Dextrin glue was also used as a liquid component to obtain a paste-like consistency.

The results of nitrocarburizing steel 60Si2Cr in such saturating medium are presented
in Table 4.

Table 4. Dependence of the diffusion layer depth on the nitrocarburizing temperature with a duration
of 1 h for steel 60Si2Cr.

Nitrocarburizing
Temperature, ◦C

Diffusion Layer Depth, mm

Total Carbonitride Zone

550 0.017 0.004
650 0.108 0.053

Thus, both nitrocarburizing factors (temperature and duration) significantly impact
the carbonitride zone depth for steel 60Si2Cr. Particularly, the temperature intensively
increases the total depth of the nitrocarburized layer on both types of steel. In this case,
the growth of the diffusion layer on spring steel 60Si2Cr is 2.0–2.5 times higher than on
alloy steel 09Cr15Ni8Al. Therefore, alloying elements reduce the carbon and nitrogen
diffusion ratio of the solid solution. This regularity is observed even when increasing the
carbonitride zone thickness and saturation temperature (Figure 3).

However, with an increase in the nitrocarburizing temperature, the intensity of the
carbonitride zone growth is significantly lower than for the diffusion layer. The kinetics of
carbon and nitrogen saturation of valve’s steel 60Si2Cr is presented in Figure 4.

With an increase in the duration of the nitrocarburizing process, an increase in the
depth of nitrocarburizing occurs. This fact relates to all the temperatures.
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3.3. Features of the Structure of Nitrocarburized Layers for Steel 60Si2Cr

At the beginning of low-temperature nitrocarburizing, nitrogen diffuses into iron. This
is because the diffusion rate for nitrogen in ferrite is significantly higher than for carbon.
As ferrite is rapidly saturated with nitrogen, austenitization of the diffusion layer begins.
As a result, carbon diffusion over austenitic zones occurs. These zones expand intensively
due to the contraction of the ferritic ones. With an excess of carbon and nitrogen (above the
solubility limits), carbonitride phases are formed on the surface.

The kinetics of the nitrocarburizing process can be conditionally divided into two
stages. The first stage is the complete austenitization of the surface (until the disappearance
of ferrite zones) and the formation of a carbonitride crust. The second is increased layer
thickness due to the nitrogen and carbon diffusion through carbonitrides and austenite.

Since the diffusion rate for nitrogen in austenite is slightly lower than in ferrite, the
diffusion layer depth after its austenitization and the formation of a carbonitride crust
increases relatively slowly. Therefore, an increase in the duration of low-temperature
nitrocarburizing above a particular rational value is not practical (in contrast to the nitriding
process). At low temperatures, the saturation rate is limited by the duration of the 1st stage
of nitrocarburizing. The saturating environment activity limits this duration.
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With an increase in the duration of nitrocarburizing in the carbon environment, carbon
diffusion into steel through the austenitic layer occurs. In this case, desorption of nitro-
gen occurs [18]. Desorption is not a consequence of a change in the saturating medium
composition but is the result of the kinetic interaction of nitrogen and carbon atoms in steel.

The primary feature of the diffusion layers structure for steels obtained by nitrocarbur-
izing in nitrogen-carbon paste is the presence of heterogeneous zones. Remarkably, their
number and type depend mainly on the nitrocarburizing temperature.

On steel 60Si2Cr, structures of nitrocarburized layers obtained at temperatures 550 ◦C
and 650 ◦C are qualitatively identical to the layers for steel 09Cr15Ni8Al at the same
temperatures.

Figure 5 presents structure when measuring hardness after the nitrocarburizing pro-
cess and microhardness distribution curves over the cross-section of nitrocarburized sam-
ples obtained on oblique thin sections using the microhardness tester “PMT-3” (Figure 6).
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The main difference between these types of steel is that the carbonitride zones of
the solid solution on steel 60Si2Cr are much larger than on steel 09Cr15Ni8Al. This is
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due to alloying elements (especially chromium), which significantly reduce carbon’s and
nitrogen’s diffusion rate.

Moreover, nitrocarburized layers on steel 60Si2Cr are less complicated than the same
layers on steel 09Cr15Ni8Al. This is because alloying elements (e.g., about 1% of Cr)
assimilate carbon and nitrogen by the carbonitride and lead to the better hardenability of
the solid solution.

Notably, a carbonitride crust can be obtained only by nitrocarburizing steels on the
diffusion layer surface in environments with a relatively high ability to saturate the metal
surface with nitrogen. The activity of carbon increases with an increase in the nitrocarbur-
izing temperature. As a result, cementite forms on the surface of the diffusion layer, and
some carbon atoms in the crystal lattice are replaced by nitrogen. However, carbonitride,
isomorphic with cementite, is formed only on the layer surface. Following this, a much
larger area of homogeneous ε-carbonitride forms.

At the bottom of the ε-carbonitride zone, austenite with 0.95–1.10% of Ni and about
0.6% of C is formed [19]. Supercooled austenite is very stable. Therefore, neither pearlite
nor bainite is formed near the carbonitride layer. However, austenite is transformed into
martensite. In this case, the temperature of the martensitic transformations at a high
nitrogen content decreases significantly. Therefore, residual austenite forms (30–50% with
rapid cooling in water and up to 70–90% when cooled in the air).

In the structure of the nitrocarburized layer in spring steel 60Si2Cr, numerous dis-
persed particles as separate carbonitride inclusions in the martensitic-austenitic zone are
formed. These particles can occur only with a sufficiently high content of the nitrogen
diffusion layer. Therefore, the diffusion of carbon through the carbonitride layer is easier
than for alloy steel.

3.4. Effect of Nitrocarburizing on Fatigue Properties of Valve Plates from Steel 60Si2Cr

The specific structure of diffusion layers of nitrocarburized steels 09Cr15Ni8Al and
60Si2Cr used to manufacture valve plates predetermine the specific fatigue properties of
these plates.

Two batches of 5 samples obtained from steel strips 60Si2Cr were tested to determine
the effect of nitrocarburizing on the fatigue strength of valves. These samples were nitro-
carburized in nitrogen-carbon paste in various modes (a sample per mode). Finally, the
nitrocarburized samples were tested for fatigue strength. The experimental results are
presented in Table 5.

Table 5. Dependence of fatigue strength on nitrocarburizing modes for steel 60Si2Cr.

Temperature, ◦C Treatment Duration, h Depth of the
Diffusion Layer, mm

Endurance Limit,
MPa

Without treatment - 427
550 1 0.031 514
550 3 0.038 562
600 1 0.053 456
600 3 0.083 372
650 1 0.079 398
650 3 0.132 221

The dependencies of the endurance limit for steel 60Si2Cr on nitrocarburizing modes,
obtained in the study of a wide range of temperatures and duration of nitrocarburizing, are
summarized in Figure 7.
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An increase in the nitrocarburizing duration leads to a decrease in fatigue strength.
This is due to coagulation of precipitating phase, a decrease in the dislocation density,
and partial transition of martensite to austenite. As a result, the degree of blocking of
dislocations and resistance to the plastic deformation decreases, especially after chemical–
thermal treatment at 650 ◦C.

The impact of the temperature on the sample’s elongation allows substantiating the
use of nitrocarburizing for steels 09Cr15Ni8Al and 60Si2Cr at temperatures of 550–650 ◦C.
Such a chemical-thermal treatment allows for increasing the plasticity of the material
under operating conditions for the elastic elements of compressors without reducing the
fatigue properties.

Thus, nitrocarburizing impacts the fatigue strength of the valve steels ambiguously.
Particularly, nitrocarburizing of steel 09Cr15Ni8Al at 550 and 650 ◦C increases the fatigue
strange 1.4–1.8 times the initial value. However, at a higher temperature, this chemical-
thermal treatment leads to an unacceptable decrease in fatigue strength.

The same pattern is observed for steel 60Si2Cr. Nevertheless, the range of favorable
nitrocarburizing modes (in terms of fatigue strength) is less than for alloy steel 09Cr15Ni8Al.
Notably, an increase in the fatigue limit for steel 60Si2Cr, which can be obtained by nitro-
carburizing, is up to 1.3 times.

3.5. Determination of the Fatigue Strength of Steel Parts

It is well-known that the fatigue strength of a steel product is determined mainly by the
residual stress in the surface layer. Residual stresses were carried out according to Severin’s
approach [20]. According to this approach, a sample plate with a thickness of 2-mm was
processed by one-sided electrolytic etching. During the experiment, internal stresses were
determined by bending. This approach was improved for continuous observation of the
sample bend while removing surface layers.

The sample is insulated by two layers of varnish and fixed with the lower end of the
contact device. This device is placed in a bath with electrolytes (H2SO4—40%, NaCl—5%,
current density—0.5 A/cm2).

The magnitude of the sample’s movement was measured using the microscope and
the eyepiece micrometer described above. Residual stresses were measured every minute
of the electrolytic etching. In this case, it was assumed that the dissolution rate of the
sample surface was constant.

Figure 8 presents residual stress distribution over the cross-section of specimens from
steels 09Cr15Ni8Al and 60Si2Cr, strengthened by nitrocarburizing.
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09Cr15Ni8Al (1) and 60Si2Cr (2).

The experimental results show that significant residual compressive stresses occur on
the nitrocarburized layers surface for both types of steel. Remarkably, in the diffusion layer
of steel 09Cr15Ni8Al, the stress (from –600 MPa to –650 MPa) has a much higher magnitude
than steel 60Si2Cr (from –400 MPa to –500 MPa). This fact is due to alloying elements in
the carbonitrides of steel 09Cr15Ni8Al, which increase the specific volume of carbonitride
inclusions.

As the distance from the surface increases, the internal compressive stresses in the
diffusion layers practically become equal. The compressive stress transforms into a tensile
one when reaching the base metal. The tensile stress is kept constant in the plate’s core.
Tensile stresses are relatively low (from +150 MPa to +180 MPa).

3.6. Characteristics after Nitrocarburizing

Temperature increases the overall depth of the nitrocarburized layer on spring steel
60Si2Cr. Notably, the growth rate of the diffusion layer is approximately 2.0–2.5 times
higher than on alloy steel 09Cr15Ni8Al (Figure 9).
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Therefore, alloying elements included in the composition reduce carbon and nitrogen
diffusion rates in a solid solution.

Figure 10 shows that an increase in temperature leads to an almost directly propor-
tional increase in the thickness of the carbonitride zone on steel 60Si2Cr.
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Figure 10. Structure and hardness of steel 60Si2Cr after nitrocarburizing under temperature 550 ◦C
and duration 3 h.

At the beginning of saturation on the surface of steel 60Si2Cr, the nitrocarburized layer
depth and the carbonitride zone thickness grow intensively. Nevertheless, the growth rate
for diffusion layers decreases with an increase in the saturation time.

The primary feature of the diffusion layers for valve steels obtained by nitrocarburizing
in nitrogen-carbon paste is the presence of inhomogeneous zones. The number and type of
these zones depend mainly on the nitrocarburizing temperature.

Overall, nitrocarburizing affects the fatigue strength of valve steels ambiguously. The
increase in the fatigue strength for steel 60Si2Cr obtained by nitrocarburizing is up to
1.3 times.

3.7. Practical Implementation of the Achieved Results

The developed technology of nitrocarburizing plates for direct-flow valves of com-
pressors has been tested in production conditions. Two manufactured plates for valves
“PIC 220-0.6” (“Vienybe, AB”, Ukmerge, Lithuania) were examined with the following
characteristics: material—steel 60Si2Cr; contact diameter—220 mm; maximum pressure
difference—0.6 MPa; chemical–thermal treatment—nitrocarburizing.

Instead of standard disc-shaped, direct-flow valves assembled from nitrocarburized
plates (Figure 11) were installed on the compressor 5G-100/8.
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The direct-flow valves with plates from steel 60Si2Cr without nitrocarburizing were
installed on a compressor of the same type.

According to the technical requirements for the operation and maintenance of the
reciprocating compressors, the valves were dismantled and tested for tightness every 2000 h
(Figure 12).
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Figure 12. The design scheme of the stand for testing the tightness of direct-flow valves.

The stand consists of a calibrated container with a seat for fastening the valve to be
controlled. Air is supplied through a valve closed after filling the container. The container
is filled with air under a pressure of 0.6–0.8 MPa. A pressure gauge controls the tightness
by counting the pressure drop time, which occurs due to leaks through the gaps in the
closed valve. The tightness of the valve was determined by the duration of pressure drop
in the reservoir from 0.4 MPa to 0.2 MPa.

The closed valve tightness criterion is determined by the pressure drop time [20]:

t =

[(
p1

p2

) k−1
2
− 1

]
AV

δ ∑
√

T
, (11)

where p1,2—initial and final air pressure in the container, MPa; p2—k—dimensionless
parameter; A = 0.435 s·K0.5/m—empirical constant; V—capacity, m3; δ = 2.0 × 10–6 m—
the nominal gap between the seat and the plate in the closed valve; Σ—the sum of slot
perimeters, m; ∑—air temperature in the container, K.

The operating time of valves with non-cemented plates does not exceed 1 year (8760 h).
After, plates require replacement either due to cracks or elasticity loss.

Valves with nitrocarburized plates after more than 3 years (26,280 h) were still retained
a relatively high tightness. They were fully functional and did not require the replacement
of plates.

The monitoring results are summarized in Table 6.

Table 6. Tightness of valves, s.

Treatment Valve No.
Lifetime, 103 h

0 2 4 6

Without treatment
1 14 11 5 * –
2 13 12 7 * –

Nitrocarburizing 3 18 17 15 14
4 20 18 14 13

* valves do not meet the tightness criterion of a minimum of 10 s for the valve “PIC 220-0.6”.
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Therefore, nitrocarburizing allows increasing tightness of valves by 29–54% for their
lifecycle of 2000 h. Moreover, after 4000 h, valves without chemical–thermal treatment
become inoperable. However, nitrocarburized valves remain effective even after 6000 h of
their lifetime. In this case, the tightness decreases only by 22–35%.

3.8. Parameter Identification of the Mathematical Model

For the carried-out experiment (Table 6), and considering the obtained dependencies (6),
(7), and (10), the calculation results are graphically presented in Figure 13. The evaluated
data are summarized in Table 7.
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Table 7. Results of the regression analysis, s.

Treatment Initial Tightness, s Performance Loss
Rate, 10–3 h–1

Maximum Lifetime,
103 h

Without treatment 14.7 0.206 1.86

Nitrocarburizing 19.1 0.061 10.7

These data allow for validating the applied mathematical model (3). Particularly,
according to the recommendations about quantitative evaluation on valve leakage of
the reciprocating compressor using the system characteristic diagnosis method [21], the
following correlation coefficient has been calculated:

r =
∑n

i=1
(
ti − t

)(
Ti − T

)√
∑n

i=1
(
ti − t

)2
√

∑n
i=1
(
Ti − T

)2
, (12)

where t = 2.6 h, and T = 13.6 s—mean values of time t and tightness T, respectively.
According to this validation approach, the closer the parameter |r| to 1.0, the stronger

the correlation. Notably, for the considered data presented in Figure 13, the evaluated
correlation coefficient |r| = 0.90.

Hence, the reliability of the proposed approach for estimating the tightness of the
considered reciprocating compressor’s valves has been proven.

Overall, after justification of the proposed approach, the maximum lifetime of a
nitrocarburized valve is 5.7 times more than for an untreated one.



Coatings 2022, 12, 574 17 of 20

4. Discussion

For developing technology for creating a specific structural state of a material that
meets the requirements of resistance to fracture under fatigue for a certain time, it is
necessary to analyze the structure and properties of the materials of the elastic elements
considered in this article.

As delivered, the strip has unstable properties and uneven distribution of phases over
the thickness of the strip, which may be due to the intensity of deformation and the number
of passes.

The article substantiates that the difference in the phase composition of the melted
metal predetermines the instability of the structure and properties of the corrosion-resistant
chromium-nickel steel 09Cr15Ni8Al. Consequently, this fact leads to the dispersion of its
durability compared with high-quality spring steel 60Si2Cr.

A surface hardening method by low-temperature nitrocarburizing in pastes has been
applied to increase the fatigue strength of thin valve plates. The carburizer includes
carbamide (20–25%), ferrocyanide potassium (25–20%), and carbon black (55%). It also
contains dextrin glue as a liquid component for obtaining paste-like consistency. All the
components are non-toxic and inexpensive.

Analyzing the obtained experimental data, we can conclude that the depth of the
carbonitride zone of both steels is significantly affected by both factors of nitrocarburizing,
that is, the temperature and duration of the process.

The temperature intensively increases the total depth of the nitrocarburized layer on
both steels (along a parabola); the growth rate of the diffusion layer on spring steel 60Si2Cr
is approximately by 2.0–2.5 times higher than on alloy steel 09Cr15Ni8Al. Obviously,
alloying elements, which are present in large amounts in the latter’s composition, reduce
the diffusion coefficients of both carbon and nitrogen in the solid solution.

Regularity is also observed in the process of increasing the thickness of the carboni-
tride zone on the surface of nitrocarburized steels with an increase in the saturation tem-
perature. Only in this case, the rate of growth of the carbonitride zone is significantly
lower than the rate of growth of the depth of the diffusion layer with an increase in the
nitrocarburizing temperature.

The main feature of the structure of the diffusion layers of these steels obtained by nitro-
carburizing in a nitrogen-carbon paste is the presence of several distinct zones in these layers.
The number and type of these zones depend mainly on the nitrocarburizing temperature.

Thus, the test results have presented the nitrocarburizing modes for steel plates. As a
result, the rational mode for carrying out nitrocarburizing of plates has been determined for
steel 60Si2Cr: temperature—550 ◦C; duration—3 h. Therefore, a thin coating layer releases
active elements at relatively low heating. This leads to active nitrogen and carbon atoms
forming near the saturable surface. The last effect significantly facilitates the adsorption
and diffusion and increases the saturation rate.

At the beginning of low-temperature nitrocarburizing, mainly nitrogen diffuses into
iron. The diffusion rate of nitrogen in ferrite is several orders of magnitude higher than
the diffusion rate of carbon. As the ferrite is saturated with nitrogen, which occurs very
quickly, austenitization of the diffusion layer begins, and diffusion of carbon over the
austenitic regions becomes possible. The austenitic areas are intensively expanded due
to the contraction of the ferritic ones. As the diffusion layer is saturated with carbon and
nitrogen, with an excess of these elements above the solubility limits, carbonitride phases
are formed on the surface.

According to the kinetics of the process, nitrocarburizing can be rather conditionally
divided into two stages. The first stage is the complete austenitization of the surface zone
of the part (until the ferrite sections disappear) and the formation of a carbonitride crust
on the surface. The second stage is an increase in layer thickness due to the diffusion of
nitrogen and carbon through carbonitrides and austenite.

Since the diffusion rate of nitrogen in austenite is slightly lower than in ferrite, the
depth of the diffusion layer, after its austenitization and the formation of a carbonitride
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zone, increases very slowly. Therefore, an increase in the duration of low-temperature
nitrocarburizing above a certain optimal value does not make sense (in contrast to the
nitriding process). At low temperatures, the saturation rate is limited by the duration of
the first stage of nitrocarburizing, which, in turn, is limited by the activity of the saturating
medium. With an increase in the duration of nitrocarburizing in an environment rich in
active carbon, its predominant diffusion into steel through the austenite layer occurs.

Nitrocarburizing carbon steel 60Si2Cr in the carburizer from carbamide, ferrocyanide
potassium, and carbon black gives a greater depth of the diffusion layer than nitrocarburiz-
ing of alloy steel 09Cr15Ni8Al. This has been observed at temperatures 550 ◦C and 650 ◦C.
In this case, the diffusion layers for both types of steel are almost the same.

Studies in the structures of diffusion layers after nitrocarburizing for steels 60Si2Cr
and 09Cr15Ni8Al prove the presence of several distinct zones in these layers. This fact
strongly agrees with the data obtained in [9,19]. First, an outer white layer is formed
because of the saturating elements C and N diffusion in the ferrite and their simultaneous
chemical reaction with the main element Fe of the steel. This layer mainly consists of
Fe2–3(C, N) carbonitride, which contributes to the wear resistance of the steel surface. The
diffusion of nitrogen characterizes the transition layer since ferrite is usually in equilibrium
concentration concerning carbon. This inner layer mainly consists of solid solution α-(Fe,
N). In addition, complex nitrides or carbonitrides can also be deposited in both the white
layer and the transition layer. Nitrogen diffusing in space in this zone creates compressive
stresses that improve the fatigue resistance of the steel.

As a result of production tests of direct-flow valves with nitrocarburized plates, the
following results were obtained. Their durability is more than 2.0 times higher than valves
with unreinforced plates. The lifetime of untreated valves does not exceed 1 year; after,
plates require replacement either due to cracks or elasticity loss. Contrariwise, valves with
nitrocarburized plates after more than 3 years still retained a relatively high density. They
are fully functional and do not require the replacement of plates.

The obtained research results prove that the proposed paste-like saturating envi-
ronment is relatively effective for surface hardening of other types of steel [20] in the
temperature range of 550–650 ◦C. Using this paste, solid carbonitrides formed on the
surface of processed parts should increase their wear resistance.

The analysis of the conducted research and the received results states that the used
modes of nitrocarburizing can be recommended for other grades of spring and stain-
less steels with similar carbon and alloying elements. The mechanisms of formation of
nitrocarburized layers in them will be identical.

Additionally, low-temperature nitrocarburizing in pastes can be well applied to prod-
ucts of small thickness, so we used it to study thin plates up to 0.4 mm. For such products,
at higher temperatures, their warping can be observed.

The composition of the carburetor proposed in work is environmentally friendly and
does not contain toxic effects on humans, so it can be used for other similar steel grades.

Limitations on the use of the proposed method and modes may be due to the use of
different times to strengthen the surfaces of parts from other grades of steel. Therefore, for
such materials to clarify the optimal time will need to conduct additional research.

5. Conclusions

The article substantiates that the a surface hardening method by low-temperature
nitrocarburizing in pastes has been applied to increase the fatigue strength of thin valve
plates. The carburizer includes carbamide (20–25%), ferrocyanide potassium (25–20%),
and carbon black (55%). It also contains dextrin glue as a liquid component for obtaining
paste-like consistency. All the components are non-toxic and inexpensive.

It was found that nitrocarburizing has an ambiguous effect on the fatigue strength
of valves. The main difference is that the carbonitride zones of the solid solution on steel
60Si2Cr are much larger than on steel 09Cr15Ni8Al. This circumstance is since alloying
elements (especially chromium) significantly reduce carbon and nitrogen diffusion rates.
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Simultaneously, thin diffusion layers (20–40 µm) are formed on the surface of the plates.
These layers have relatively high hardness and residual compressive stresses.

As a result, nitrocarburizing of steel 60Si2Cr at temperatures of 550 ◦C and 650 ◦C
increases the fatigue strength against the initial value by up to 1.3 times. However, at
a higher temperature, nitrocarburizing leads to an unacceptable decrease in the fatigue
strength (even below the initial value).

The following rational mode for carrying out nitrocarburizing of steel 60Si2Cr was
determined: temperature—550 ◦C; duration—3 h. Therefore, a thin layer of such a coating
can release active elements at relatively low heating. As a result, the reactions of the
formation of active nitrogen and carbon atoms proceed near the saturable surface. The
last one significantly facilitates the adsorption and diffusion into the depth of the steel and
increases the saturation rate.

Nitrocarburizing allows increasing tightness of valves by 29–54% for their lifecycle
of 2000 h. Moreover, after 4000 h, valves without chemical-thermal treatment become
inoperable. However, nitrocarburized valves remain effective even after 6000 h of their
lifetime. In this case, the tightness decreases only by 22–35%.

Thus, the developed method of hardening valve plates by nitrocarburizing is highly
effective. It is assumed that it can provide significant savings in funds and resources after
its widespread implementation into production.
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