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Abstract: Earlier studies have shown that 30 L steel, used for the manufacture of hydraulic machinery
equipment elements, has greater resistance to cavitation wear than 20 GL steel. This paper presents the
results of experimental studies of the solid particle erosion resistance of 30 L structural steel samples
with different surface modifications based on nitriding and boriding processes. The characteristics
of the modified near-surface layers were determined. The results of the solid particle erosion
resistance tests carried out according to the ASTM G76-13 standard are presented. The research
results demonstrated that boriding processes worsen the solid particle erosion resistance of 30 L steel
at flow impact angles of 30◦ and 90◦. All the considered variants of surface nitriding at an impact
angle of 90◦ do not worsen the solid particle erosion resistance of 30 L steel samples, while at an
impact angle of 30◦, they increase the solid particle erosion resistance by at least 10–20%.
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1. Introduction

The wear of the functional surfaces of paddle hydraulic machines (pumps and hy-
draulic turbines) can be caused by a large number of damaging factors, which, in addition
to cavitation destruction, include [1–6] cavitation–waterjet, waterjet, corrosion, abrasion,
and contact, as well as wear (destruction) from collision with foreign objects. When de-
scribing the wear of real hydraulic machines, it is impossible to separate one factor from
another and it requires identifying the contribution of each of the factors to the overall wear
process. The change in the relief of the surfaces and subsequently the shape of the flow part
due to wear causes further destruction of the parts or the entire unit.

Solid particle erosion is one of the main factors affecting the reliability and availability
of the whole set of hydraulic turbine design elements. The flow part of the hydraulic
turbine is subjected to this type of wear, i.e., to a greater extent the runner, guide vanes,
front sides of the head, and the bottom covers [7–18]. The development of waterjet wear
depends on the concentration, density, geometric shape, and size of the solid particles, as
well as on the mechanical properties of the material of the parts and the rotational speed of
the rotor of the hydraulic machine [19,20].

At present, during the repair of hydro-turbine equipment, damage to the elements of
the flow part is eliminated. During overhaul, worn parts are dismantled and remanufac-
tured parts are installed. Worn parts are remanufactured in the inter-overhaul period using
the cavern welding technique, with the replacement of covers with subsequent machining,
using special tooling and fixtures.

The current methods of repair of the main elements of hydraulic turbines are outdated
and have certain disadvantages. These disadvantages are long terms, high cost and, in
addition, a decrease in the runner reliability due to metal structure disturbances [21,22]
(the reconditioned part does not have the same parameters as the original metal), internal
stresses, and mechanical and hydraulic imbalance.
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Restoring the operating geometry of the runner and guide vanes remains a challenge
year after year, while costs are increasing financially, materially, and over time. Because
of this, additional capital investments and energy losses due to the reduced efficiency of
equipment and the downtime associated with repair, and often with the dismantling of
individual parts, are very high. As a consequence, the development of repair techniques
using modern restoration technologies, and with the use of various methods of increasing
the reliability and durability of hydraulic machine parts by modifying their surface, is
becoming more and more relevant.

The selection of materials, coatings, and methods for the modification of working
surfaces for machine parts operating under solid particle erosion conditions is always a
topical issue. At present, protective coatings for parts of the flow part of hydraulic turbines
have become the main means in the fight against waterjet and cavitation wear [23–47] of
equipment surfaces. The coating methods used include gas–thermal and plasma spraying,
physical and chemical vapor deposition, and electroplating [48–58].

In recent years, polymer materials have gained a dominant position for the repair of
hull parts in various industries, including hydropower equipment [59–61]. They are various
adhesive compounds based on epoxy resins, polyesters, polyurethanes, polyacrylates, and
other materials with a filler of metal or ceramic powder and reinforcing fibers. These
materials have good adhesive properties, which, combined with their sufficiently high
strength and the ability to move from a plastic state to a solid state in a short period of
time without shrinkage, provide a wide range of applications in solving repair problems. It
should be noted that some polyurethane composite materials, which have shown high wear
resistance during bench tests, cannot compete with hard coatings in full-scale conditions
due to low adhesion to the base metal. Therefore, when choosing the protection of the parts
of the flow part of the hydraulic turbines from waterjet impact, the adhesion strength of
the coating with metal is one of the main characteristics of the coating.

One of the most studied coating methods in the literature is high-speed flame spraying
(HVOF), a spraying process using burning gases (e.g., hydrogen and oxygen) or liquid
fuel (kerosene and oxygen). High-speed gas–flame spraying systems are divided by type
of equipment into kerosene–oxygen systems (HVOF, High-Velocity Oxygen Fuel) and
propane–air systems (HVAF, High-Velocity Air Fuel). With the help of high-speed spraying,
coatings of tungsten carbides, chromium, nickel–cobalt-, and iron-based powders are
applied. An important advantage of the technology is the formation of tensile stresses in
the resulting coatings, which makes it possible to obtain thicker coatings than with other
spraying technologies [62–72].

Of particular interest are studies of the corrosion resistance and abrasive wear of
WC-10Co4Cr coatings [73–75] applied by the HVOF method to a stainless steel substrate,
AISI 410, which is commonly used in the manufacture of hydraulic turbine parts. It was
found that the coatings applied by the HVAF method [76] have 5–10% greater elasticity
and significantly reduce the fracture toughness compared to the coatings applied by the
HVOF method. The high content of chromium carbide and the addition of WC increases
the resistance of coatings to hydro-abrasive wear. In addition, in the work [76], a smaller
angle of impact of the gas-abrasive flow was revealed, at which maximum destruction
was achieved compared to the previously determined angle of maximum abrasive wear
of 30◦, due to the disintegration of solid particles during impact. As a result, the number
of fragments of abrasive particles that were found in the form of inclusions in the wear-
resistant coating layer increases. The analysis showed that a higher content of the metal
matrix in the CC625 material leads to a lower microhardness of coatings with high fracture
toughness. This, in turn, reduces the resistance of the coating to abrasive wear, while
providing increased resistance to cavitation erosion.

In addition, in [77–82], the results of studies of the resistance to abrasive wear of
various types of coatings based on combinations of Cr, Ni, Mo, and W are presented. The
investigated coating based on Cr3C2-50NiCrMoNb has a higher nickel content compared
to the standard coating based on Cr3C2-25NiCr, while the coating based on Cr3C2-37WC-
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18NiCoCr contains additional inclusions of tungsten carbide (WC) to increase resistance to
wear by solid particles. With abrasive wear, the Cr3C2-50NiCrMoNb-based coating showed
a higher degree of plastic deformation and increased material losses, while the Cr3C2-
37WC18NiCoCr-based coating had a level of wear resistance between those of the standard
Cr3C2-25NiCr-based coating and the common WC-10Co4Cr-based coating. A lower carbide
content in coatings based on Cr3C2-50NiCrMoNb has improved the resistance to cavitation
erosion due to higher fracture toughness. In general, it is worth noting that the coatings
formed by the HVAF spraying method had a higher modulus of elasticity, higher fracture
toughness, equal or higher resistance to abrasive wear, and higher resistance to cavitation
erosion compared to analogues applied by the HVOF method.

Currently, the most popular choice for wear-resistant coatings in hydraulic turbines
are thermally sprayed carbides, such as WC-Co-Cr/WC-Co [83–85].

At the same time, little is known about the use of methods of forming single-component
diffusion coatings such as nitriding [86–90] and boriding [91–95]. Unlike thermally sprayed
coatings, which are deposited on the substrate, nitrogen or boron atoms are embedded
in the lattice of the base metal, thereby forming iron nitrides or borides [96,97]. Nitriding
and boriding have proven to be relatively simple ways to improve the wear resistance
of structural steels by forming a wear-resistant modified layer having a certain structure,
phase composition, and increased hardness [98–100].

In terms of microhardness, nitriding is second only to boriding, at the same time
slightly surpassing cementation and nitrocementation.

In the work [95], the average thickness of the borated layer was observed at the level
of 40 microns, and the average microhardness of the coating was measured at the level
of 2300 NV. The study of the cross-section of the borated steel sample 13Cr-4Ni showed
three different areas: the borated layer, the transition zone, and the source material. It
was revealed in [95] that the change in microhardness in depth tends to decrease with
the maximum hardness in the boron layer (2300 ± 15 HV) to the minimum value of the
hardness of the substrate material (345 ± 15 HV). As a result of laboratory tests, it was
found that the resistance of borated samples made of 13Cr4Ni steel exceeds the resistance
of 13Cr-4Ni steel without coating by 50% [95]. In this regard, due to the data obtained,
it can be concluded that the boriding method can potentially be used as an abrasive and
cavitation-resistant coating for hydraulic machine blades.

Earlier, a team of authors conducted studies of the cavitation resistance of 20 GL and
30 L steel samples [101], widely used for the production of hull and flow parts of hydraulic
turbines operating under static and dynamic loads. The studies were carried out using an
experimental jet-type cavitation rig in accordance with the ASTM G134-17 standard with
the following parameters: a nozzle with a diameter of 0.85 mm, a distance to the nozzle of
15 mm, pressure in front of the nozzle of 18 MPa, and the number of cavitations at 0.0055.
The total test time was 210 min. As a result of the tests, the dependences of cavitation wear
of 20 GL and 30 L steels were obtained in the coordinates mass loss—test time (see Figure 1),
on the basis of which the best resistance of 30 L steel to jet cavitation was revealed.

In this study, the wear dynamics were investigated and the solid particle erosion
resistance of 30 L structural steel specimens with different variants of surface modification
based on nitriding and boriding was determined.
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Figure 1. Kinetic curves of cavitation wear of 20 GL (1) and 30 L (2) steel samples. Reprinted with
permission from ref. [101]. Copyright 2022 Springer Nature.

2. Materials and Methods

The chemical composition of 30 L steel specimens is given in Table 1.

Table 1. Chemical composition of steel 30 L.

C, % wt. Si, % wt. Mn, % wt. S, % wt. P, % wt. Fe, % wt.

0.27–0.35 0.20–0.52 0.4–0.6 <0.045 <0.04 other

Surface modification by the specimens’ surface saturation in a nitrogen environment
(nitriding) with durations of 2.5, 5, and 10 h on 30 L steel specimens was carried out using
a vacuum deposition facility (Ferry Vatt, Kazan, Russia).

The process included the following stages:

- Preparation of the specimen surfaces (polishing, removal of contaminants from the
surface, and degreasing);

- Loading of the specimens into the vacuum chamber;
- Evacuation of the vacuum chamber to a vacuum level of no more than 8–10−3 with

preliminary heating of the samples to a temperature of 150 ◦C;
- Ionic surface cleaning at a vacuum chamber pressure not more than 0.35 Pa and a

temperature of specimens not more than 350 ◦C;
- Modification of the specimen surface in a nitrogen environment for 2.5, 5, and 10 h at

a vacuum chamber pressure of not more than 2.1 Pa and a specimen temperature of
not more than 380 ◦C.

The specimens were borated in a melt based on sodium tetraborate, sodium fluo-
ride, and sodium chloride salts in a STC 35/50 shaft furnace (Lab-Term, Novosibirsk,
Russia) with external heating [102]. Two processes were carried out, which included the
following steps:

- Heating and soaking the specimens at 350 ◦C for 2 h;
- Boriding bath treatment at 880 ◦C for 3 h (boriding type I) and 6 h (boriding type II);
- Quenching specimens in oil heated to 90 ◦C.

To conduct the solid particle erosion resistance studies of the specimens, an experi-
mental abrasive-jet-type test rig was used. The scheme of the experimental rig is shown
in Figure 2.
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Figure 2. Schematic diagram of an experimental rig for conducting research on the solid particle
erosion resistance of materials and coatings. 1—compressor; 2—filter; 3—rotameter; 4—nozzle
(Venturi tube); 5—mixing chamber; 6—particle dispenser; 7—stabilizing tube; 8—sample; 9—heating
element; 10—ceramic heater; 11—thermoelectric converter; 12—sample holder for low-temperature
tests; 13—rotary valve.

The air supply to the main line is carried out through a filter (2) by a screw com-
pressor (1) (Remeza, Rogachev, Belarus), and the required air flow is regulated by a float
rotameter (3). Then, the air supply line branches into two lines, each of which has a rotary
valve (13). The presence of two highways determines the ability to conduct experiments
at room temperature and high temperatures up to 700 ◦C. Depending on the type of ex-
periment, the valve of the unused line is blocked, and the entire flow goes to the required
line. After that, the air enters the narrowing nozzle (4) and accelerates; then, it enters the
mixing chamber (5), where abrasive particles supplied by the particle dispenser (6) are
mixed with it.

After the mixing chamber, the air-abrasive flow enters the stabilizing tube (7), where
it is leveled and fed to the sample (8) at the required angle. During the tests at room
temperature, changes in the angle of the target relative to the flow axis are controlled using
a graduated scale on the target holder. The rotary part of the holder allows adjustment of
the angle of attack of the gas-abrasive flow in the range of 10–90 ◦.

In the case of high-temperature tests, the sample is fixed in a special holder. It is heated
by means of a clamp ceramic heater (10) (Electro-nagrev, Moscow, Russia). Before entering
the mixing chamber, the air is heated by means of a heating element (9) (Electro-nagrev,
Moscow, Russia). The power of the spiral heating element is regulated using a laboratory
autotransformer. The temperature control of the target surface is carried out using a
thermoelectric transducer (11) (OWEN, Moscow, Russia), one end of which coincides with
the technological recess in the sample and fits snugly to its surface, and the second is
connected to a meter regulator (11), the display of which shows the temperature value.

To reduce heat loss to the environment, the parts of the installation, including the
spiral air heater (9), Venturi tube (4), mixing chamber (5), sample (8), and its holder are
insulated. To isolate the part of the installation responsible for creating an air-abrasive flow
with the necessary parameters, a casing is used, which is attached by means of studs and
clamps to the walls of the abrasive-jet chamber and is a vertically detachable cylinder with
slots cut inside for the corresponding parts of the installation.

To isolate the sample (8) and its holder, a system of two casings is used. The first
(internal) is a steel cup designed to isolate the sample and the ceramic heater (10) from the
environment and from loose insulation, which fills the inner space of the second casing
(external). The glass is placed on a special spacer, in which there are channels for removing
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the erodent particles that have interacted with the sample. Holes for thermocouple wires
and ceramic heater power supply (10) are made in both housings. An opening is provided
in the lower part of the second casing to remove the insulation after the experiment, in
order to accelerate the cooling process of the sample.

The tests were carried out according to ASTM G76-13 using the parameters given
in Table 2.

Table 2. Parameters for solid particle erosion testing.

Parameter Value

Particle size of Al2O3 (electrocorundum) 250–300 µm
Air-abrasive flow rate 170 m/s

Particulate matter flow rate 5 × 10−5 kg per second
Air-abrasive flow impact angle 30◦, 90◦

Specimen surface temperature 25 ◦C
Number of samples engaged in experiment 1

Total test time 90 min

The samples were tested for resistance to solid particle erosion at two angles of attack:
30 degrees, which is the angle of maximum solid particle erosion for plastic materials, and
90 degrees, which is the angle of minimum wear for these materials. In turn, for brittle
materials, the picture at the corners of wear is the opposite. Since the boriding process
leads to embrittlement of the material, these values of angles were chosen for the research.

At least three experimental specimens were used to draw each test’s time dependence
of the solid particle erosion rate. After each test, the mass of the specimen was recorded,
and the specimen mass removal over the test period was calculated relative to its original
mass. Based on the results of the tests, the relative solid particle erosion resistance was
evaluated in the interval with a steady-state wear rate (total test time of 90 min). The
relative solid particle erosion resistance (ESPE) was calculated using the formula:

ESPE =
∆mwh
∆mmod

(1)

where ∆mwh is the mass loss of a 30 L steel sample without hardening in 90 min of exposure;
∆mmod is the mass loss of a 30 L steel sample with modified surface in 90 min of exposure.

The surface microhardness of the specimens was determined by a hardness tester at a
load of 0.01 kgf. Scanning electron microscopy in the mode of registration of secondary (SE)
and backscattered (BSE) electrons (Tescan, Brno, Czech Republic) was used to examine the
elemental composition and depth of the modified layers, as well as to analyze the surface
of specimens after abrasive wear tests.

3. Results and Discussion

Following the processes of surface modification, metallographic specimens of 30 L
steel samples with three types of nitriding, two types of boriding, and a 30 L steel sample
without hardening were made. The images of the metallographic specimens are shown
in Figure 3.

From the above images, it can be seen that the boride layer has a needle-like structure.
The presence of two phases in the boride layer is also visible. The results of the analysis
of the elemental composition of the borated layer showed that the upper (darker) phase
corresponds to the phase FeB and the lower (lighter) to Fe2B. The thickness of the layer
consisting of the FeB phase averages 25 microns for type I boration and 60 microns for type
II boration. The total thickness of the layer after the boration process lasting 3 h (type I) was
80 ± 5 microns, and after boration lasting 6 h (type II), it was 150 ± 5 microns (see Table 3).
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The analysis of the obtained metallographic sections demonstrates the effect of the
duration of the nitriding process on the depth of modification of the near-surface layer: an
increase in the duration of nitriding from 2.5 to 5 and 10 h leads to an increase in the depth
of the modified layer to 35 ± 5 microns, 65 ± 5 microns, and 85 ± 5 microns, respectively
(see Table 3). Modification by nitriding leads to an increase in the microhardness of the
specimens’ surface, compared to the initial state, by more than 1.3–1.4 times (see Table 3).
Boriding leads to the increase in the microhardness of specimens, compared to the initial
state, by more than 6.1–6.5 times (see Table 3).
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Table 3. Characteristics of 30 L steel specimens with different types of surface modification.

Material Modification Type of
Modification

Duration of
Modification, h HV0.01 Depth of Modified

Layer, µm

30 L

Nitriding

I 2.5 333 ± 18 35 ± 5

II 5 438 ± 18 65 ± 5

III 10 480 ± 30 80 ± 5

Boriding I 3 2010 ± 60 80 ± 5

II 6 2180 ± 40 150 ± 5

Kinetic curves of the solid particle erosion process of 30 L steel specimens without
coating, with three types of nitriding and two types of boriding, were obtained after a series
of tests. Their solid particle erosion resistance was evaluated in relation to uncoated 30 L
steel (see Figure 4).
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Figure 4. Wear curves and relative solid particle erosion resistance during a 90-min exposure time of
the uncoated specimens (1), specimens with nitriding of type I (2), type II (3), and type III (4), and
specimens with boriding of type I (5) and type II (6) of 30 L steel at flow impact angles of 30◦ (a,b)
and 90◦ (c,d). 5,6—high wear rate was recorded; tests were stopped after 30 min of exposure.

The analysis of the wear of the investigated surface modification options showed the
inefficiency of using boration for 30 L steel, due to the instantaneous destruction of the
surface layers recorded from the start of the tests and the presence of a wear rate exceeding
the wear rate of 30 L steel without coating at both angles of attack of the gas-abrasive flow
(30◦ and 90◦).

It was found that:

- All studied types of surface boriding at flow impact angles of 30◦ and 90◦ worsen the
solid particle erosion resistance;
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- All studied variants of surface nitriding at a flow impact angle of 90◦ do not worsen
the solid particle erosion resistance of 30 L steel specimens;

- All studied types of nitriding at a flow impact angle of 30◦ increase the solid particle
erosion resistance by at least 10–20%.

In comparison with earlier studies of solid particle erosion resistance for 20 GL steel
with boriding [102], this work revealed a significant increase in the wear intensity for 30 L
steel samples with boriding. This may be due to an increased percentage (%) of carbon C:
30 L steel (0.27–0.35) and 20 GL steel (0.15–0.25) [101] and/or a decrease in the percentage
(%) of manganese Mn: 30 L steel (0.4–0.9) and 20 GL steel (1.2–1.6) [101]. A decrease in the
percentage content of the alloying element manganese led to an increase in the diffusion
of boron atoms into the main lattice of the material and, as a consequence, to an increase
in the microhardness of the surface: 30 L steel–2100–2200 HV0.01, 20 GL steel–1800–1900
HV0.01, which led to additional embrittlement and the appearance of transverse cracks,
which intensified the wear process.

At the same time, the wear process for uncoated 30 L steel was observed to be more
intense at an impact angle of 30◦ than at 90◦. This is explained by the fact that this material
belongs to the group of ductile materials. The tests of specimens with nitriding show a
similar pattern (see Figure 5).
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Figure 5. Solid particle erosion curves for the uncoated specimens (a), and nitride specimens of type
I (b), type II (c), and type III (d) of 30 L steel at 30◦ (1) and 90◦ (2) flow impact angles.

Increasing the nitriding time leads to an increase in the N content in the near-surface
layer from 1.5% (duration 2.5 h; type I) to 5.83% (duration 10 h; type III). Figure 6 shows
an image of the layer of 30 L steel modified by nitriding (type III) and an analysis of the
elemental composition.

Figures 7 and 8 show images of the surface topography of specimens without and with
nitriding of different durations in the solid particle erosion region at flow impact angles of
30◦ and 90◦.
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The microscopic analysis of the specimen surfaces after the test showed that the charac-
ter of the surface microrelief change is generally identical for all the studied specimens (see
Figures 7 and 8). The central parts of the specimens subjected to the greatest wear during
the test can be considered morphologically as a single surface of fracture. Numerous ero-
sion damage, such as multidirectional traces of microfractures left by abrasive particles, are
observed on the surfaces. The typical length of such traces is up to 20–30 µm. Brittle–ductile
failure occurs in the vicinity of these traces, while signs of plastic deformation preceding
fracture are observed at the edges of the traces.

Some differences exist in the surface morphology of specimens tested at impact angles
of 30◦ and 90◦. The differences are caused by the flow path of the abrasive particles. The
shapes of the abrasive particle traces on specimens impacted at an angle of 30◦ are more
elongated as the material is scratched by the impact of the angled particles on the surface.

Comparison of the untreated and nitrided specimens shows that there is no fundamen-
tal difference in the nature of the microfractures on the surface. This indirectly indicates that
the surfaces after nitriding, despite the increased hardness, retain a high enough plasticity
margin and do not break under the impact of an abrasive.
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4. Conclusions

As a result of the experimental studies, solid particle erosion at different air-abrasive
flow impact angles was obtained for 30 L steel without hardening, with three types of
nitriding and with two types of boriding, at flow angles of 30 and 90 degrees.

The obtained kinetic curves of the solid particle erosion for all the studied types of
nitriding showed that this method of surface modification does not affect the solid particle
erosion resistance of 30 L steel at an impact angle of 90◦, while at an impact angle of 30◦ it
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increases the resistance of 30 L steel by at least 10–20%. This indicates the promising use of
this method of surface modification for the protection of critical elements of the flow part
of hydraulic turbines.

The research results demonstrated that boriding processes worsen the solid particle
erosion resistance of 30 L steel at flow angles of 30 and 90 degrees due to embrittlement of
the surface. In turn, the previously obtained data [102] on the multiple increase in solid
particle erosion resistance of 20 GL steel with boriding indicate a significant influence of
the chemical composition of steel, in particular the percentage of carbon and manganese,
on the strength characteristics of the surface after boriding.
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