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1. Introduction

With increasing workloads and machines’ economic 
efficiency requirements, increasing their reliability and du-

rability are important. In solving this task, one of the key 
issues is to ensure a high level of contact strength and wear 
resistance. Modern machines and vehicles consist of a large 
number of heavy-duty friction couples. Most of them fail 

MATERIALS SCIENCE

Copyright © 2021, Authors. This is an open access article under the Creative Commons CC BY license

How to Cite: Kindrachuk, М., Dukhota, О., Тisov, О., Korbut, Ye., Yurchuk, А., Kharchenko, V., Naumenko, N. (2021). Improving 

the wear resistance of heavy-duty elements in tribomechanical systems by a combined laser-thermochemical processing method. 

Eastern-European Journal of Enterprise Technologies, 3 (12 (111)), 6–13. doi: https://doi.org/10.15587/1729-4061.2021.231595

IMPROVING THE WEAR 
RESISTANCE OF HEAVY-

DUTY ELEMENTS IN 
TRIBOMECHANICAL 

SYSTEMS BY A COMBINED 
LASER-THERMOCHEMICAL 

PROCESSING METHOD
M y r o s l a v  K i n d r a c h u k 

Corresponding author 
Doctor of Technical Sciences, 

Professor, Head of Department*
Е-mail: myroslav.kindrachuk@npp.nau.edu.ua

O l e k s a n d r  D u k h o t a 
Doctor of Technical Sciences, Professor

Department of Aircraft Continuing Airworthiness**
O l e k s a n d r  Т і s o v 
PhD, Assocaite Professor*

E v g e n  K o r b u t 
PhD, Assocaite Professor***

A l i n a  Y u r c h u k 
PhD, Assocaite Professor

Department of Computerized Electrotechnical
 Systems and Technologies**

V o l o d y m y r  K h a r c h e n k o 
Postgraduate Student***
N i l a  N a u m e n k o 

Researcher 
State Enterprise “State Road Transport Research Institute”

Peremohy ave., 57, Kyiv, Ukraine, 03113
*Department of Engineering,

Standardization and Certification**
**National Aviation University

Liubomyra Huzara ave., 1, Kyiv, Ukraine, 03058
***Department of Machine Design

National Technical University of Ukraine 
«Kyiv Polytechnic Institute named after Igor Sikorsky»

Peremohy ave., 37, Kyiv, Ukraine, 03056

This paper reports an analysis of the 
state of tribological support in the avia-
tion industry. The use of surface strength-
ening technologies to extend the resource 
of friction node parts has been prioritized. 
Modern combined technologies of nitrid-
ing and laser treatment of steel surfac-
es have been reviewed. The mechanism 
has been elucidated that damages steel 
30H2NVFA in the jackscrew actuator of 
transport aircraft flaps, which occurs due 
to insufficient surface hardness of the 
material after a generally accepted heat 
treatment. Auger electron spectroscopy 
analysis revealed a high concentration of 
oxygen on the surface: up to 41.4 at. %; 
the friction surface carbonation has been 
detected, especially significant at the sur-
face of the pitting damage. A comprehen-
sive technology of surface strengthening 
by nitriding+laser selective hardening has 
been suggested. The radiation power was 
1 KW, the diameter of the focus spot was 
2.5 mm, and the pitch between the focus 
spot centers was 2.5 mm. The total area of 
laser processing was 70 %. The steel tem-
perature exceeded Ас3 and correspond-
ed to the hardening temperature range. 
The depth of the nitrided layer increased 
to 400 µm, the maximum hardness on the 
surface was 1,350–1,380 HV0.2. The for-
mation of a solid nitrided layer with a 
thickness of 200–250 µm was observed, 
as well as a transition zone composed of 
column-shaped iron nitrides, which are 
introduced into the matrix material. As a 
result, a sharp gradient in the mechani-
cal properties disappears. The tests con-
firmed that the wear resistance of the com-
prehensively treated surface was 2.1 times 
higher under dry friction conditions, and 
4.5 times higher when lubricated with the 
“Era” grease (RF), compared with the 
30H2NVFA steel nitrided by the conven-
tional technology. In addition, there was 
no fragile destruction of the surface; the 
interaction with oxygen reduced signifi-
cantly
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because of the wear and chipping of contact surfaces. All this 
makes the improvement of tribological support to such nodes 
a priority task for materials science and surface engineering. 

Examples of such mechanisms are ball screw – ball nut 
assemblies of flap jackscrew actuator, landing gear kneel 
mechanisms, horizontal stabilizer positioning mechanism 
etc. Large flight and ground loads require high strength and 
elasticity of the material, as well as a high surface strength. 
Due to vibrations, the strengthened layer’s local chipping is 
observed, especially in the so-called “parking” places of the 
flaps in the retracted position.

Today, many different surface hardening methods work 
well under “average” conditions. However, they cannot 
work effectively in localized (point and line) contacts for 
many reasons. Some, for example, plasma coatings have low 
adhesion, “classical” nitriding ‒ a rapid transition of mechan-
ical properties, surface hardening does not provide for the 
required hardness, etc. [1, 2]. Complex surface engineering 
technologies have become widely used when 2‒3 methods of 
hardening are performed sequentially [3‒6]. This approach 
eliminates drawbacks and mutually reinforces the advantag-
es of each technique. Thus, plasma spraying followed by laser 
treatment reduces the coating’s brittleness, increases adhe-
sion, hardens the substrate material, and makes it possible 
to create a smooth transition of mechanical properties [7].

The development of new, highly effective surface hard-
ening methods helps improve mechanical engineering prod-
ucts’ competitiveness. The increase of friction surface’s 
service life reduces maintenance and repair expenses. In this 
regard, research aimed to improve the wear resistance of 
tribomechanical aircraft systems is particularly relevant [8].

Combined surface engineering methods are based on 
the consistent or simultaneous use of two or more manufac-
turing methods of technological influence on the material. 
Methods that combine the laser treatment with thermodif-
fusion saturation, electrospark doping, plasma spraying, etc. 
are developing quite intensively. Combined methods make it 
possible to form surface layers with the required mechanical 
properties and significantly increase the contact strength 
and wear resistance of components in friction couples [9–
18]. Therefore, it is relevant to determine the effectiveness of 
improving the wear resistance of heavy-loaded parts in tri-
bomechanical systems by a combined laser-thermochemical 
treatment method.

2. Literature review and problem statement

Surface engineering methods can solve a wide range 
of tasks. However, the use of one particular method does 
not always produce the desired result. In addition, each of 
them has its drawbacks. New prospects open up with the 
application of two or more methods simultaneously, the so-
called combined or complex technologies. In this case, one 
strengthening method is primary, the second is auxiliary, 
which reduces the shortcomings of the first and enhances the 
strengthening effect.

In the case of a ball-screw mechanism with a complex 
form of contact, coating methods on the steel surface are 
ineffective, as far as high pressures between the track and the 
ball lead to their detachment. Therefore, diffusion surface 
engineering methods come to the fore. However, they also 
have a drawback – a small thickness and a high hardness 
gradient between the strengthened and untreated materials. 

To reduce this effect, various techniques are used, for exam-
ple, a dilute concentration of the saturating element. That 
increases the thickness of the strengthened surface layer but 
reduces surface hardness.

For steels, the greatest strength, hardness, and wear 
resistance are achieved by nitriding. The review of stud-
ies [19–28] shows the high efficiency of the combined tech-
nology of nitriding+laser processing. This avoids the disad-
vantages of “classic” nitriding, hardens the material under a 
nitrided layer, and increases the diffusion layer’s thickness.

The authors in [19] carried out pulse-laser treatment 
of steel surface during nitriding in a gas environment. 
Such combined processing can provide up to four times the 
growth of hardness, by 200‒400 %. Increasing the con-
centration of carbon in steel adversely affects its ability to 
dissolve nitrogen and form hardening chemical compounds; 
it also decreases the depth of nitrogen diffusion into the 
material. Iron nitrides and carbonitrides were the main 
strengthening phases detected. A diode laser was used 
for a similar purpose: to strengthen the steel AISI P21 
(USA) [20]. There was a 40 % increase in surface hardness 
than untreated material, which is much less compared 
to previous work [19]. The achieved strengthening effect 
was due to aluminum (an alloying element of this steel) 
nitrides formation. In [21], the authors studied the process 
of laser nitriding using lasers with different wavelengths. 
They found that the wavelength does not affect the process 
of steel strengthening and corrosion resistance (different 
environments were studied) after processing. Increasing 
the intensity of laser radiation from 1.5 to 3 J/cm2 leads 
to an increase in austenite. With a further increase in the 
intensity of radiation, the amount of austenite decreases. 
In addition, laser nitriding in ammonium medium was 
studied [22]. Coating thickness was up to 150 μm with 
dendrites of iron nitride. Compared to conventional ni-
triding, there is an increase in hardness by 14 % and wear 
resistance ‒ twice. Nitrogen replacement with other gases 
also had a significant effect [23]. Thus, argon is inert and 
has little impact on the additional hardness: strengthening 
effect is achieved by quenching the surface. The use of 
propane provides a hardness of up to 914 HV, compared to 
the 395 HV achieved after laser hardening in the air. Such 
ultra-high hardness is due to the decomposition of propane 
and carbon diffusion into steel. However, the authors did 
not conduct a study of the hydrogen content on the surface. 
It was evident that its contents are also high, the steel is 
probably embrittled, and that technology cannot be used 
for heavy-duty parts. Interesting technology of nitriding 
is reported in [4]. Femtosecond laser treatment allows ob-
taining a nanostructured surface by evaporating part of the 
material. This technique forms a structure similar to the 
nanoindentation surface. But, to achieve this result, up to 
500 cycles are required at one point; it was obtained only 
for one steel grade – AISI 304 (USA). However, a frequent 
drawback of the laser nitriding method is the high tempera-
ture of the nitriding process. Together with high-energy 
radiation, that can lead to local overheating and melting, 
overhardening of the surface, and the formation of a net-
work of surface cracks [22].

Laser-assisted nitriding of steel with surface melt-
ing was studied in [24]. Postmelting makes it possible 
to get the effect of surface hardening and refining of 
the structure. The nitrogen concentration in the sur-
face material is 0.6 %. However, a significant hardness 
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gradient creates the risk of chipping the laser-treated 
areas. The authors [25] studied the laser deposition of 
nitrided powder of low-carbon steel AISI 316L (USA) by 
laser surfacing. They could control nitrogen content by 
mixing nitrided powder with non-nitrided. However, the 
increase in nitrogen content in powders leads to a high 
porosity coating that is not suitable for our conditions. 
Laser treatment with melting after nitriding in the plas-
ma medium [26] indicates the possibility of obtaining a 
strengthening effect by refining the microstructure by 
ultra-rapid cooling of the melt [27]. The thickness of the 
modified layer reaches 250 µm, which is an acceptable 
value. However, the nitrided area without melting has a 
higher strength. Thus, in the molten zone, the substrate 
material is mixed with the nitrided layer, reducing the 
hardness of the laser-treated surface. This result is un-
acceptable. Therefore, the technology of laser processing 
with melting for heavy-duty parts also cannot be applied.

An alternative, which has shown its efficiency, is the 
selective laser spot treatment of nitrided steel after nitriding.

3. The aim and objectives of the study

The work aims are to study steel 30H2NVFA strength-
ened by a combined method: thermodiffusion nitriding with 
the subsequent selective laser processing; to examine its 
wear resistance in ball-contact fretting-wear conditions in 
lubricated and dry friction modes. This steel is used to pro-
duce ball screw and ball nut casing (ball barrel) of jackscrew 
actuators. Ball tracks (grooves) are typically nitrided.

To achieve these goals, the following tasks were set:
‒ to analyze operational damage of jackscrew actuator 

parts and to find the reason why they appear;
‒ to perform tribotechnical studies under conditions 

close to the actual operation of jackscrew actuator aimed 
to compare wear resistance of samples of steel 30HGSN2A 
nitrided by standard technology and treated by a combined 
method, including nitriding followed by selective laser treat-
ment in self-quenching mode.

4. Analysis of damage to the parts of a ball-screw 
mechanism

One of the most loaded and responsible compo-
nents in modern aircraft is the ball-screw couples of 
jackscrew actuators. Here, the balls housed in the ball 
nut roll in the grooves of the ball screw. The normal 
operation mode: lubricated (with grease) rolling fric-
tion. Balls, as intermediate bodies, usually transmit 
motion from ball screw to ball nut. The aircraft kneel-
ing mechanism is very similar in operation. In regular 
operation conditions, they wear due to normal me-
chanical-oxidative mechanism. In case of overloads, 
the lubricating mode may change to boundary one, 
resulting in local overheating of ball screw material. 
Generally, the wear resistance of these elements is 
relatively high. However, sometimes an intensive wear 
and surface damage may occur. We describe one such 
event below.

During a routine inspection of the kneel mech-
anism jackscrew actuator (front landing gear), the 
ball track’s helical surface was found to have con-

siderable damage in the form of cracks and kind of metal 
fragments delamination looking like pitting damage (Fig. 1). 
On cross-sectional specimens of the ball screw, we revealed 
cracks propagating deep into the subsurface. (Fig. 2). The 
shape and size of pitts point on contact-fatigue.

The development of fatigue failure under rolling fric-
tion is typically due to cyclic normal and shear stresses. 
This condition is fulfilled at lubricant starvation when 
rolling bodies slide over the surface or perform combined 
(rolling+sliding) motion. Also, the stresses developing 
due to the surface layer’s plastic deformation assist this 
process [28]. As a material for landing gear kneel mech-
anism ball screws the steel 30HGSN2A is used. To in-
crease its wear resistance and strength, it is heat-treated: 
quenching+tempering. Material hardness should be not 
less than 45-48 HRC. The low wear resistance in the de-
scribed case may result from the material surface layer’s 
low strength and hardness.

Fig. 3, 4, and Table 1 present the study results on the 
concentration distribution of chemical elements on ball race 
working surface by Auger spectroscopy. The study was car-
ried out on an intact surface, near the edge and at the bottom 
of the cavity of the pitting damage, and at depths of 250 and 
800 nm from the surface.

The analysis of our results reveals the enrichment of the 
surface layer with oxygen and carbon. The oxygen concen-
tration on the surface near the edge of the pitt is 27.1 at. %, 
at a depth of 250 nm and 800 nm, respectively, 41.4 at. % and 
29.2 at. %. At the surface of the middle part of the pit, at a 
depth of 250 nm and 800 nm below the surface, the oxygen 
concentration is 7.9 %, 18.3 at. %, and 24.0 at. %.

This indicates the intensive interaction of the metal with 
oxygen, which is likely the result of the development of plas-
tic deformation of surface layers and the effect of elevated 
temperatures in the contact zone. As mentioned above, this 
is possible in case of lubricant starvation, also allowing free 
oxygen inflow to the surface. Maximum carbon content 
is observed in the pitting damage cavity. The shape of the 
carbon spectrum line and its concentration indicate the 
presence of a graphitized film in the cavity.

Fig. 1. The damaged surface of ball screw of flaps jackscrew actuator: 
a, b  – appearance (×8); c, d – micrograph of damaged regions

a b

c d
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 Table 1

Elemental composition of micro plots at the working surface 
of a ballscrew

Depth, 
Nm

Element concentration, at. %

Fe Ni Cu Ti Ca C N O S F

Non-damaged surface

0 18.8 0.7 – – 0.9 48.1 2.5 29.0 – –

Near-cavity surface (edge)

0 13.1 – 1.9 3.9 0.6 53.4 – 27.1 – –

250 51.7 1.4 0.9 – – 2.3 1.7 41.4 0.6 –

800 66.4 – 0.8 – – 2.1 1.5 29.2 – –

Cavity bottom surface (point 1)

0 – – – – 3.3 55.4 10.4 6.0 – 24.9

Cavity bottom surface (point 2)

0 – – 1.9 – 1.6 75.2 6.8 7.9 1.9 4.7

250 8.8 – – 1.2 1.0 64.3 5.6 18.3 0.8 –

800 23.5 – – – 2.4 45.3 3.0 24.6 1.2 –

The formation of graphitized surface films in the contact 
zones during friction was identified earlier [29, 30]. The most 
likely source of carbon supply to interact with metal is, in this 
case, carbon, which can be formed as a result of the tribome-
chanical and thermal destruction of a lubricant. This assump-
tion is proved by high content of sulfur and phosphorus along 
with carbon. Under the layer of the graphitized film, there are 
iron oxides. The process of iron oxidation is accompanied by a 
significant increase in the volume of the material [31]. The for-
mation of oxide phases makes an additional wedging effect on 
the fatigue crack walls and accelerates the contact-fatigue wear.

When inspecting ball screw and ball nut assembly of flaps 
jackscrew actuator after 10,000 flight hours of operation, we 
identified fretting corrosion damage in the form of discolor-
ation, ball-caused brinelling, metal chipping [32–36].

The ball screw-ball nut assembly is made of 30H2NVFA 
steel, heat-treated to a strength of σu=1,000–1,200 MPa 
and nitrided to a depth of 0.2 μm to ensure wear resistance. 
The maximum damage area is in place (contact of ball screw 
and ball nut) when flaps are in the “cruising flight” position, 
and the intermediate flaps position usual for aircraft during 
maintenance. Due to localized contact and no nut motion 
along the screw, grease is squeezed out, and a metal-to-metal 
touch with free oxygen inflow occurs. Very favorable con-
ditions fretting wear appear. The maximum depth of pits 
at such areas reaches 0.7 mm, which significantly exceeds 
the depth of the nitrided layer. Similar damage may arise 

Fig. 2. Micrographs (cross-section) of pitt on jackscrew 
surface and pitt bottom topography: а – ×100; b – ×400

a b

Fig. 3. Auger spectra on jackscrew ballrace surface: 	
а – surface; b – at a depth of 250 nm; 	

c – at a depth of 800 nm

a

b

c

Fig. 4. Auger spectra in depth at the bottom of jackscrew 
ballrace pitt
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on the kneel mechanism jackscrew actuator. Therefore, the 
strength of quenched+tempered and nitrided steels used for 
ball screw applications is insufficient.

Consequently, the results of our analysis indicate that 
the level of surface strength and wear resistance of working 
surfaces of BSM screws, which is achieved both by hardening 
through heat treatment and nitriding, is insufficient. In both 
cases, to increase the wear resistance of the working surfaces 
and high hardness of BSM screws, it is necessary to increase 
the resistance of the surface layer material against corrosion 
fatigue. In this regard, nitrided layers on steels cannot provide 
reliable protection of friction surface under high contact loads 
due to the relatively small thickness and brittleness.

5. Results of studying the wear resistance of 
comprehensively treated steel 30H2NVFA under fretting 

conditions

One of the most appropriate ways to solve this problem 
is to create macroheterogeneous surface layer. More strong 
areas or spots capable of bearing increased contact loads are 
embedded in the softer and more ductile matrix material in 
this type of structure. A monolayer of a “particle-reinforced 
composite” is formed. Such structures have good bearing and 
relaxation capacity [32–34]. Macroheterogeneous layer can 
be formed by the following method: nitriding followed by 
selective laser treatment in the mode of surface quenching or 
by combined methods of thermochemical processing [37‒41].

Fig. 5 compares the results of fretting-wear tests (in 
terms of wear intensity) of steel 30H2NVFA samples. Part 
of the samples was continuously nitrided, and the other one 
was selectively treated by laser after nitriding (nitriding 
mode was the same as for first group specimens).

Selective laser treatment was performed according to 
predetermined spot pattern [42] in the following modes: 
radiation power: 1 kW, diameter of laser focusing spot: 
2.5 mm, the distance between spots: 2.5 mm (the same for 
longitudinal and transverse directions). This laser treatment 
mode heats the steel surface to above Ac3 point: quenching 
temperature. The significant thickness of ball screw material 
provides fast cooling of thin laser-affected surface layer, and 
no liquid is required. According to the accepted scheme and 
geometric parameters of processing, the ratio of specimen 
area exposed to laser radiation was 70 %.

Wear tests were carried out using ball-on-disc test system 
under conditions close to the actual BSM working conditions. 
To get ball-plain contact, the counterpart was designed as 
a holder with rigidly fixed three balls (diameter of 6 mm, 
bearing steel ShH-15). The holder with the balls 
contacts with the sample’s end surface, forming a 
three-point contact. The test conditions are illus-
trated in Fig. 5. Since the wear resistance of steel 
after the nitriding+laser processing turned out to be 
quite high, it was decided, for this case, to increase 
the test base to a million cycles. To compare the 
results, we determined the wear intensity according 
to the following known formula:

,
2

h
J

AN
=

where J is the wear intensity, dimensionless value; h 
is the average linear wear, µm; A is the amplitude of 

movement during fretting (moving the sample in one cycle is 
equal to a double amplitude); N is the number of fretting cycles).

The test results prove that under both dry and lubricated 
friction, the samples selectively treated by laser have signifi-
cantly higher wear resistance than specimens nitrided by 
standard technology. In dry friction steel 30H2NVFA has a 
2.1-time higher wear resistance, and under the conditions of 
greasing with Era ‒ 4.5 times.

Fig. 6 shows the topography of samples of the nitrided 
steel 30H2NVFA (a) and the steel processed according 
to the nitriding+selective LT method (b) after testing for 
fretting without lubricating. The samples strengthened by 
nitriding show in the fretting zone the chips and signs of 
intensive oxidation with the formation of oxide structures 
characteristic of red-brown iron oxides. The surface of the 
samples subjected to combined strengthening shows no 
chips in the fretting zone.

The surface-hardened layer formed by selective laser 
treatment of pre-nitrided steel consists of two layers (Fig. 7). 
The outer solid nitride layer is ~ 220 µm thick, the micro-
hardness gradient is 1,350 to 1,180 HV0.2. Below is the 
first transition layer with a depth of 220–420 μm from the 
surface with a microhardness gradient of 1,180–400 HV0.2. 
The second transition layer is at depths of 420–600 μm with 
a hardness gradient of 400 to 360 HV0.2. It has a columnar 
structure: inclusions of nitride phase embedded in a rela-
tively soft steel substrate. As one may see, these columns 
“anchor” the solid nitride layer, and the subsurface fatigue, 
as we suppose, is majorly arrested.

Fig. 5. Wear intensity under fretting conditions: 
1, 2 – steel 30H2NVFA+nitriding; 3, 4 – steel 

30H2NVFA+nitriding+selective laser processing. 	
Load conditions: A=200 µm; Рn=980 N; υ=30 Hz. 	

Test base: 1, 2, 3 – N=3×105 cycles; 4 – N=1×107 cycles
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Fig. 6. Topography of samples after fretting wear test, plane-
ball contact: a – steel 30Н2NVFA, nitriding; b – steel 2HNVFA 
nitrided+selective laser treatment. Test conditions: A=200 μm; 

Pn=980H; v=30 Hz. Test duration N=3·105 cycles

a b
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6. Discussion of results of studying the improved wear 
resistance of heavy-loaded parts in tribomechanical 

systems by a combined laser-thermochemical treatment

According to the results of our analysis, damage to 
working surfaces of such heavily loaded parts as the ball 
screws in flap actuator and landing gear kneel mechanisms is 
associated with the development of contact fatigue and fret-
ting corrosion. They develop under similar conditions. The 
level of surface strength and wear resistance of the working 
surfaces of ball screws, which is achieved today by heat treat-
ment and thermodiffusion nitriding, is insufficient. Thus, 
nitriding even under the conditions of high contact loads 
does not provide reliable protection of the steel 30H2NVFA 
surface from wear. The most likely cause of this is the small 
thickness of the strengthened layer, increased fragility of the 
adhesion layer, the high gradient of mechanical properties 
deep into the surface.

It became possible to avoid the disadvantages of “clas-
sical” nitriding and significantly increase steel parts’ wear 
resistance using combined surface processing: nitriding+se-
lective laser point treatment. As may be seen from Fig. 5, 
nitrided 30H2NVFA steel samples subjected to selective la-
ser treatment in the quenching mode have 2.1 and 4.5 times 
more excellent wear resistance compared to nitriding by 
standard technology in dry and lubricated mode, respective-
ly. The combined technologies involving high-energy laser 
radiation have made it possible in recent years to devise new 
effective methods of surface treatment. Due to changes in 
the structure and strain of surface layers, such methods can 
change their properties significantly. 

According to the data reported in work [35], pulse laser 
processing, as well as other high-energy pulse-deformation 
methods of surface metal processing, leads to an increase 
in dislocations density, acceleration of diffusion processes 

in surface layers, redistribution of alloying 
elements and impurities in the matrix, re-
fining the structure of the material. This 
process increases the hardness of the sur-
face layer, toughness, corrosion resistance, 
wear resistance. Besides, under the accepted 
technological modes of laser treatment of 
pre-nitrided steel surface, a specific two-lay-
er coating structure is formed (Fig. 7). The 
upper solid nitride layer provides superior 
wear resistance. The lower layer’s heteroge-
neous structure consists of solid columnar 
inclusions of the nitride phase and ductile 
sections of the matrix material. This struc-
ture contributes to the redistribution and 
relaxation of stresses from contact loads. 
Crack growth slows, and the surface’s bear-
ing capacity increases [33, 34]. In contrast 
to conventional nitriding, it is evident that 
such a structure can provide higher contact 
strength and wear resistance under condi-
tions of high contact loads.

In [43], mechanical-pulse processing improved the tri-
bological properties of 30H2NVFA steel by only 15 %. It is 
also proposed to replace the steel 30H2NVFA with VKS-
170 (RF) to manufacture the ball screw. However, even in 
this case, the wear resistance of the pair is twice the wear 
resistance of the material used today. In [32], the authors 
also analyzed maintenance peculiarities of the jackscrew 
actuator of the An-124 aircraft made of 30H2NVFA steel. 
They only propose to restore the lubricating layer in time. 
The combined surface treatment technology we suggest here 
increases fretting resistance twice for dry friction and by 
4.5 times for lubricated friction (Era grease as a lubricant).

Therefore, the developed combined technology of sur-
face treatment provides superior wear resistance compared 
to known analogs and not requires substitution by other 
material. Since the real friction couple is the contact of two 
curved surfaces (a sphere in a spherical groove) and not a 
ball-plane, as in this study, the actual contact area at the 
same load will be larger, and the contact stresses and wear 
intensity ‒ smaller.

7. Conclusions

1. The technological processes of strengthening ball 
screws by heat treatment and nitriding (standard technol-
ogies) do not provide a high enough wear resistance level 
under conditions of high local contact loadings.

2. We experimentally proved that an effective way to in-
crease the contact-fatigue strength and fretting-wear resistance 
of nitrided layers on steel is their subsequent selective laser 
treatment under the mode of surface self-quenching. After such 
a combined treatment, the wear resistance of steel increased by 
2.1 times in dry friction and by 4.5 times in lubrication (grease 
Era) compared to nitriding by standard technology.

Fig.	7.	Microstructure	and	micro-hardness	profile	in	the	surface	layer	of	steel	
30H2NVFA	after	the	combined	nitriding+selective	laser	treatment

1350
1280

1237

1180 995

420 371
340 337 328

0

200

400

600

800

1000

1200

1400

1600

0 200 400 600 800 1000 1200

H
ar

dn
es

s, 
H

V
0.

2, 
M

Pa

Thickness, µm

References 

1. Toboła, D., Kania, B. (2018). Phase composition and stress state in the surface layers of burnished and gas nitrided Sverker 21 and 

Vanadis 6 tool steels. Surface and Coatings Technology, 353, 105–115. doi: https://doi.org/10.1016/j.surfcoat.2018.08.055 

2. Dixit, T., Singh, I., Prasad, K. E. (2019). Room and high temperature dry sliding wear behavior of Boron modified as-cast Ti-6Al-4V 

alloys against hardened steel. Wear, 420-421, 207–214. doi: https://doi.org/10.1016/j.wear.2018.10.021 



Eastern-European Journal of Enterprise Technologies ISSN 1729-3774	 3/12 ( 111 ) 2021

12

3.	 Fryska, S., Słowik, J., Baranowska, J. (2019). Structure and mechanical properties of chromium nitride/S-phase composite coatings 

deposited on 304 stainless steel. Thin Solid Films, 676, 144–150. doi: https://doi.org/10.1016/j.tsf.2019.01.046 

4.	 Yasumaru, N., Sentoku, E., Miyazaki, K., Kiuchi, J. (2013). Femtosecond-laser-induced nanostructure formed on nitrided stainless 

steel. Applied Surface Science, 264, 611–615. doi: https://doi.org/10.1016/j.apsusc.2012.10.076 

5.	 Kovacı, H., Seçer, Y. (2020). Improved tribological performance of AISI 316L stainless steel by a combined surface treatment: Surfa-

ce texturing by selective laser melting and plasma nitriding. Surface and Coatings Technology, 400, 126178. doi: https://doi.org/ 

10.1016/j.surfcoat.2020.126178 

6.	 Pohrelyuk, I. M., Kindrachuk, M. V., Lavrys’, S. M. (2016). Wear Resistance of VT22 Titanium Alloy After Nitriding Combined with 

Heat Treatment. Materials Science, 52 (1), 56–61. doi: https://doi.org/10.1007/s11003-016-9926-0 

7.	 Kindrachuk, M., Shevchenko, A., Kryzhanovskyi, A. (2016). Improvement of the quality of TiC-Co system plasma coating by laser 

treatment. Aviation, 20 (4), 155–159. doi: https://doi.org/10.3846/16487788.2016.1227551 

8.	 Marchuk, V., Kindrachuk, M., Tisov, O., Kornienko, A., Radko, O., Kharchenko, V. (2019). Stress-strained state of textured surfaces 

with selectively indented regions. Functional Materials, 26 (4), 773–778. doi: https://doi.org/10.15407/fm26.04.773 

9.	 Panashenko, V. M., Podchernyaeva, I. A., Dukhota, A. I., Panasyuk, A. D. (2012). Structural and phase transformations on spark-

laser coatings under fretting corrosion in air. Powder Metallurgy and Metal Ceramics, 51 (1-2), 112–120. doi: https://doi.org/ 

10.1007/s11106-012-9405-6 

10.	 Fedirko, V. М., Pohrelyuk, І. М., Luk’yanenko, О. H., Lavrys’, S. М., Kindrachuk, М. V., Dukhota, О. І. et. al. (2018). Thermodiffusion 

Saturation of the Surface of VT22 Titanium Alloy from a Controlled Oxygen–Nitrogen-Containing Atmosphere in the Stage of 

Aging. Materials Science, 53 (5), 691–701. doi: https://doi.org/10.1007/s11003-018-0125-z 

11.	 Pashechko, M. I., Shyrokov, V. V., Duryahina, Z. A., Vasyliv, Kh. B. (2003). Structure and corrosion-mechanical properties of the 

surface layers of steels after laser alloying. Materials Science, 39, 108–117. doi: https://doi.org/10.1023/A:1026134714719

12.	 Holubets, V. M., Pashechko, M. I., Dzedzic, K., Borc, J., Tisov, A. V. (2020). Frictional Strength of Electric Spark Coatings from 

Powder Wires under Friction without Lubrication. Journal of Friction and Wear, 41 (5), 443–446. doi: https://doi.org/10.3103/

s1068366620050128 

13.	 Dykha, A., Marchenko, D., Artyukh, V., Zubiekhina-Khaiiat, O., Kurepin, V. (2018). Study and development of the technology for 

hardening rope blocks by reeling. Eastern-European Journal of Enterprise Technologies, 2 (1 (92)), 22–32. doi: https://doi.org/ 

10.15587/1729-4061.2018.126196 

14.	 Gorokh, G. G., Pashechko, M. I., Borc, J. T., Lozovenko, A. A., Kashko, I. A., Latos, A. I. (2018). Matrix coatings based on 

anodic alumina with carbon nanostructures in the pores. Applied Surface Science, 433, 829–835. doi: https://doi.org/10.1016/ 

j.apsusc.2017.10.117 

15.	 Pashechko, M. I., Dziedzic, K., Mendyk, E., Jozwik, J. (2017). Chemical and Phase Composition of the Friction Surfaces Fe–Mn–

C–B–Si–Ni–Cr Hardfacing Coatings. Journal of Tribology, 140 (2). doi: https://doi.org/10.1115/1.4037953 

16.	 Lyashenko, B. A., Solovyh, E. K., Mirnenko, V. I., Rutkovskiy, A. V., Chernovol, M. I.; Harchenko, V. V. (Ed.) (2010). Optimizatsiya 

tekhnologii naneseniya pokrytiy po kriteriyam prochnosti i iznosostoykosti. Kyiv, 193.

17.	 Sorokatyi, R., Chernets, M., Dykha, A., Mikosyanchyk, O. (2019). Phenomenological Model of Accumulation of Fatigue Tribo-

logical Damage in the Surface Layer of Materials. Mechanisms and Machine Science, 3761–3769. doi: https://doi.org/10.1007/ 

978-3-030-20131-9_371 

18.	 Hryhorenko, G. M., Adeeva, L. I., Tunik, A. Yu., Karpets, M. V., Korzhyk, V. N., Kindrachuk, M. V., Tisov, O. V. (2020). Formation 

of Microstructure of Plasma-Arc Coatings Obtained Using Powder Wires with Steel Skin and B4C+(Cr,Fe)7С3+Al Filler. 

Metallofizika i Noveishie Tekhnologii, 42 (9), 1265–1282. doi: https://doi.org/10.15407/mfint.42.09.1265 

19.	 Schaaf, P., Illgner, C., Landry, F., Lieb, K.-P. (1998). Correlation of the microhardness with the nitrogen profiles and the phase 

composition in the surface of laser-nitrided steel. Surface and Coatings Technology, 100-101, 404–407. doi: https://doi.org/10.1016/

s0257-8972(97)00658-0 

20.	 Sim, A., Park, C., Kang, N., Kim, Y., Chun, E.-J. (2019). Effect of laser-assisted nitriding with a high-power diode laser on surface 

hardening of aluminum-containing martensitic steel. Optics & Laser Technology, 116, 305–314. doi: https://doi.org/10.1016/ 

j.optlastec.2019.03.040 

21.	 Copola, C. J., Avram, I., Terzzoli, M. C., Duhalde, S., Morales, C., Pérez, T. et. al. (2002). Influence of laser parameters on the nitriding 

of low carbon steel. Applied Surface Science, 197-198, 896–903. doi: https://doi.org/10.1016/s0169-4332(02)00452-x 

22.	 Wu, G., Wang, R., Yang, J., Chen, X., Cao, S., Guo, W. et. al. (2011). Study of laser nitriding on the GCR15 steel surface. Physics 

Procedia, 18, 285–290. doi: https://doi.org/10.1016/j.phpro.2011.06.096 

23.	 Maharjan, N., Zhou, W., Wu, N. (2020). Direct laser hardening of AISI 1020 steel under controlled gas atmosphere. Surface and 

Coatings Technology, 385, 125399. doi: https://doi.org/10.1016/j.surfcoat.2020.125399 

24.	 Fastow, M., Bamberger, M. (1988). Laser nitriding of AISI 4340 steel. Scripta Metallurgica, 22(2), 183–186. doi: https://doi.org/ 

10.1016/s0036-9748(88)80330-2 

25.	 Boes, J., Röttger, A., Becker, L., Theisen, W. (2019). Processing of gas-nitrided AISI 316L steel powder by laser powder bed fusion – 

Microstructure and properties. Additive Manufacturing, 30, 100836. doi: https://doi.org/10.1016/j.addma.2019.100836 

26.	 Karamis, M. B., Yilbas, B. S. (1991). Laser melting of plasma-nitrided steel samples. Surface and Coatings Technology, 45 (1-3), 

399–402. doi: https://doi.org/10.1016/0257-8972(91)90248-u 



Materials science

13

27.	 Szymkiewicz, K., Morgiel, J., Maj, Ł., Pomorska, M., Tarnowski, M., Tkachuk, O. et. al. (2020). Effect of nitriding conditions of 

Ti6Al7Nb on microstructure of TiN surface layer. Journal of Alloys and Compounds, 845, 156320. doi: https://doi.org/10.1016/ 

j.jallcom.2020.156320 

28.	 Kostetskiy, B. I. (1970). Trenie, smazka i iznos v mashinah. Kyiv: Tekhnika, 396.

29.	 Chattopadhyay, A., Kumar, K. C. H., Sarma, V. S., Murty, B. S., Bhattacharjee, D. (2010). Prediction of carbon segregation on the 

surface of continuously annealed hot-rolled LCAK steel. Surface and Coatings Technology, 205 (7), 2051–2054. doi: https://doi.org/ 

10.1016/j.surfcoat.2010.08.098 

30.	 Міshchuk, О. A., Теlемkо, О. V., Dziuba, V. І., Kоvаl, L. І., Pеkhnyo, V. І. (2014). Influence of sulfur free bis-helate of molybde-

num on creation of friction steel surface gradient structure. Problems of Friction and Wear, 4 (65), 4–18. doi: https://doi.org/ 

10.18372/0370-2197.4(65).8612 

31.	 Benar, Zh. (1967). Okislenie metallov. Vol. 1. Teoreticheskie osnovy. Moscow: Metallurgiya, 503. 

32.	 Kralya, V. O., Molyar, O. H., Trofimov, V. A., Khimko, A. M. (2010). Defects of steel units of the high-lift devices of aircraft wings 

caused by fretting corrosion. Materials Science, 46 (1), 108–114. doi: https://doi.org/10.1007/s11003-010-9270-8 

33.	 Kindrachuk, M. V., Dushek, Yu. Ya., Luchka, M. V., Gladchenko, A. N. (1995). Evolution of the structure and properties of 

eutectic coatings during friction. Poroshkovaya Metallurgiya, 5-6, 104–110. Available at: https://www.scopus.com/record/

display.uri?eid=2-s2.0-0029296828&origin=resultslist

34.	 Kindrachuk, M. V., Dushek, Yu. Ya., Luchka, M. V. (1994). The local character of the stress-strained state of a composite loaded 

by friction forces. Poroshkovaya Metallurgiya, 9-10, 56–61. Available at: https://www.scopus.com/record/display.uri?eid=2-s2.0-

0028505568&origin=resultslist

35.	 Jiang, M., Liu, C., Chen, Z., Wang, P., Liao, H., Zhao, D. et. al. (2021). Enhanced strength-ductility synergy of selective laser melted 

reduced activation ferritic/martensitic steel via heterogeneous microstructure modification. Materials Science and Engineering: A, 

801, 140424. doi: https://doi.org/10.1016/j.msea.2020.140424 

36.	 Hassanin, A. E., Troiano, M., Scherillo, F., Silvestri, A. T., Contaldi, V., Solimene, R. et. al. (2020). Rotation-assisted Abrasive 

Fluidised Bed Machining of AlSi10Mg parts made through Selective Laser Melting Technology. Procedia Manufacturing, 47, 

1043–1049. doi: https://doi.org/10.1016/j.promfg.2020.04.113 

37.	 Dukhota, O. I., Pohrelyuk, I. M., Molyar, O. H., Pichuhin, A. T., Luk’yanenko, O. H. (2012). Effect of Low-Temperature Oxidation 

and Oxynitriding on the Fretting Corrosion of VT22 Titanium Alloy. Materials Science, 48 (2), 213–218. doi: https://doi.org/ 

10.1007/s11003-012-9494-x 

38.	 Pohrelyuk, I. M., Padgurskas, J., Tkachuk, O. V., Luk’yanenko, A. G., Trush, V. S., Lavrys, S. M. (2020). Influence of Oxynitriding on 

Antifriction Properties of Ti–6Al–4V Titanium Alloy. Journal of Friction and Wear, 41 (4), 333–337. doi: https://doi.org/10.3103/

s1068366620040108 

39.	 Pohrelyuk, I. M., Tkachuk, O. V., Proskurnyak, R. V., Boiko, N. M., Kluchivska, O. Y., Stoika, R. S., Ozga, P. (2020). Cytocompatibility 

Evaluation of Ti-6Al-4V Alloy After Gas Oxynitriding. Journal of Materials Engineering and Performance, 29 (12), 7785–7792. doi: 

https://doi.org/10.1007/s11665-020-05265-z 

40.	 Takesue, S., Kikuchi, S., Misaka, Y., Morita, T., Komotori, J. (2020). Rapid nitriding mechanism of titanium alloy by gas blow 

induction heating. Surface and Coatings Technology, 399, 126160. doi: https://doi.org/10.1016/j.surfcoat.2020.126160 

41.	 Burdovitsin, V. A., Golosov, D. A., Oks, E. M., Tyunkov, A. V., Yushkov, Y. G., Zolotukhin, D. B., Zavadsky, S. M. (2019). Electron 

beam nitriding of titanium in medium vacuum. Surface and Coatings Technology, 358, 726–731. doi: https://doi.org/10.1016/ 

j.surfcoat.2018.11.081 

42.	 Kindrachuk, V. M., Kindrachuk, M. V., Korbut, Y. V., Dukhota, O. I., Tisov, O. V., Shevchenko, O. L., Holovko, L. F. (2009). Pat. 

No. 45549 UA. Method for discrete treatment of the nitrogenized steel articles. No. u200906959; declareted: 03.07.2009; published: 

10.11.2009, Bul. No. 21. Available at: https://uapatents.com/3-45549-sposib-diskretno-obrobki-azotovanikh-stalevikh-virobiv.html

43.	 Khimko, А., Kralya, V., Yakobchuk, A., Kostuchik, V., Sidorenko, A. (2011). Units wearability of aircraft wing lift devices. Problems 

of Friction and Wear, 55, 112–117. doi: https://doi.org/10.18372/0370-2197.55.3249 


