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Аннотация. В работе исследовались микроструктура и механические свойства износостойких покрытий, нанесенных способом газо-

термического напыления с нагревом металла до жидкого состояния и последующим его распылением газовой струей. Газотермиче-
ское напыление в настоящее время все чаще выступает альтернативой различным методам наплавки из-за высоких затрат на расхо
дуемые материалы, сложность обслуживания и обеспечения безопасности при выполнении ремонта. С помощью этого способа можно 
надежно решать разнообразные технологические задачи, к которым относятся: напыление износостойких, антифрикционных и корро-
зионностойких покрытий; алитирование напылением (повышение жаростойкости); наращивание размеров изделий; наплавка и пайка; 
устранение литейных дефектов; изготовление пресс-форм и др. Авторы исследовали триботехнические свойства штока виброгасителя 
железнодорожного вагона с  нанесенными на рабочую поверхность упрочняющих поверхностных слоев способами газотермического 
напыления стали  40Х13 и  гальванического хромирования. Изучали строение и толщину покрытий, распределение микротвердости в 
зоне покрытие – подложка, а также особенности разрушения покрытий при одинаковых условиях испытаний. Критерием для сравнения 
износостойкости покрытий является время работы образцов до начала разрушения покрытия. Износ роликов определялся по изменению 
диаметра, а колодок – по глубине и ширине канавок, образовавшихся на их поверхности за время проведения эксперимента. Покрытие, 
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Abstract. The authors investigated the microstructure and mechanical properties of wear-resistant coatings applied by the method of gas-thermal 

spraying with heating of the metal to a liquid state and its subsequent spraying with a gas jet. Nowadays, thermal spraying is increasingly an alter-
native to various methods of surfacing due to the high costs of consumables, the complexity of maintenance and safety during repairs. By this 
method, it is possible to reliably solve a variety of technological tasks, which include spraying of wear-resistant, antifriction and corrosion-resistant 
coatings; alitizing by spraying (increasing heat resistance); increasing the size of products; surfacing and soldering; elimination of casting defects; 
manufacture of molds, etc. The tribotechnical properties of the vibration damper rod of a railway carriage with reinforcing surface layers applied 
to the working surface by methods of gas-thermal spraying with 40Kh13 steel and galvanic chromium plating were investigated. Structure and 
thickness of the coatings, microhardness distribution in the coating-substrate zone, as well as the features of the coatings destruction under 
the same test conditions were studied. The criterion for comparing the coatings’ wear resistance was the operating time of the samples before 
the beginning of the coating destruction. Wear of the rollers was determined by the change in diameter, and wear of the pads – by the depth and 
width of the grooves formed on their surface during the experiment. The coating applied to the vibration damper rod by spraying 40Kh13 steel wire 
has high wear resistance in conditions of boundary friction with grease and can be an alternative to electroplated chrome coating. The high wear 
resistance of the coating makes it possible to recommend it for restoring the dimensions of worn parts and increasing the durability of new ones, 
as well as for replacing special anti-friction bearing alloys. 
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 Introduction

Structural steels of  various chemical compositions 
are traditional materials for manufacturing compo-
nents of  mechanisms and equipment. During operation, 
under conditions of sliding friction on working surfaces, 
the  geometric dimensions of  such components change, 
which consequently leads to disruptions in the operating 
modes of  mechanisms and the  occurrence of  hazardous 
situations. The intensity of  the  wear process depends 
on several factors: chemical composition of  the  steel, 
its operational characteristics, load, and sliding speed 
of  the working surface against the counterbody. A criti-
cal task in modern mechanical engineering is to develop 
a scientifically grounded set of measures for creating tech-
nologies to restore the working surfaces of machine com-
ponents and tooling. One of the most promising methods 
is gas-thermal restoration of worn surfaces by applying 
metallic, non-metallic, and composite coatings. This 
involves heating the source material to a liquid or plastic 
state and spraying it with a gas jet. This method includes 
the  previously known metallization process by spray-
ing and similar processes for applying various materials. 
The spraying process consists of several stages: the initial 
stages ensure the atomization of the source materials, and 
in the final stage, they are deposited onto a target.

The gas-thermal spraying process is defined by dis-
tinct thermodynamic and aerodynamic characteristics [1], 
which are of practical importance as they directly influ-
ence the  quality of  the  deposited material layer and its 
functional performance [2 – 9]. 

The gas-thermal spraying (GTS) process consists 
of four sequential stages: melting the source material in 
quantities sufficient to  ensure continuous and uninter-
rupted spraying; atomizing the molten material into fine 
particles using jets of compressed air or other gases; crea
ting a directed flow (spray plume) of  these molten and 
atomized particles; and depositing the particles to  form 
a material layer. During deposition, the  particles, pro-
pelled by their kinetic energy, bombard the target surface, 
embedding themselves in its irregularities and adhering 
to  previously deposited particles. Gas-thermal spraying 
is increasingly emerging as an alternative to  traditional 

surfacing methods, which are often associated with high 
consumable costs, complex maintenance requirements, 
and significant safety challenges during repairs [10 – 16]. 

This study presents a comparative analysis of the struc-
ture and properties of  gas thermal coatings made from 
high-chromium steel, applied to  the  working surface 
of a vibration damper rod in a passenger railway carriage. 
The coatings were applied using GTS, where the metal 
was heated to a liquid state and sprayed with a gas jet, and 
electroplated chrome coatings for comparison.

 Materials and methods

The tribotechnical properties of the vibration damper 
rod of a railway carriage were investigated, with reinfor
cing surface layers applied to the working surface using 
gas-thermal spraying with 40Kh13 steel and electroplated 
chrome coatings. The chemical composition of  the coa
tings was determined by X-ray fluorescence analysis, and 
the results were compared with the chemical composition 
of 40Kh13 steel according to GOST 5632 – 72. The study 
examined the  structure and thickness of  the  coatings, 
the  distribution of  microhardness in the  coating-sub-
strate zone, and the  characteristics of  coating destruc-
tion under identical test conditions. Metallographic 
studies of  the  friction surfaces were conducted using 
a NEOPHOT-21 optical microscope, and the microhard-
ness was measured with a PMT-3 microhardness tester.

The chemical composition of  the  coating obtained 
by gas-thermal spraying of  40Kh13 wire was as fol-
lows (wt. %): C 0.38, Si 0.21, Mn 0.64, Cr 0.87. A com-
parison of the primary element content, particularly chro-
mium, showed that the  coating material after spraying 
corresponded to  the  standard composition of  40Kh13 
steel as per GOST 4543 – 71.

The wear of the rollers was determined by measuring 
the change in diameter, while the wear of  the pads was 
evaluated based on the  depth and width of  the  grooves 
formed on their surface during the experiment. A compa
rative analysis of the tribotechnical properties of electro
plated and gas-thermal coatings was performed using 
a  SMT-1 tribometer, following a roller-to-pad configu-
ration. The rollers were the  test samples, and the  pads 

нанесенное на шток виброгасителя распылением проволоки из стали 40Х13, обладает высокой износостойкостью в условиях гранич-
ного трения со смазкой и способно быть альтернативой гальваническому хромовому покрытию. Высокая износостойкость покрытия 
позволяет рекомендовать его для восстановления размеров изношенных деталей и повышения долговечности новых, а также для замены 
специальных антифрикционных подшипниковых сплавов. 

Ключевые слова: конструкционная сталь, размерный дефект, износостойкое покрытие, газотермическое напыление, триботехнические 
свойства, трение скольжения
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were made of  SCh 32-52 grade cast iron. The test con-
ditions closely simulated the  real operating conditions 
of vibration dampers, including the lubricant used in this 
design (VMGZ oil). Tests were conducted until the onset 
of  coating destruction, which was monitored by obser
ving changes in surface topography and detecting initial 
signs of coating failure. After every three hours of experi-
mentation, the structure of the coating and substrate was 
analyzed, microhardness was measured, and changes in 
the dimensions of rollers and pads were recorded. 

The implementation of  new high-velocity gas-flame 
spraying systems offers significant potential for further 
development of  this method, particularly in protect-
ing critical machine and mechanism components from 
abrasive wear, corrosion, and other types of  degrada-
tion  [6 – 12]. One such critical component is the vibra-
tion damper of a railway carriage (Fig. 1), a large oilfilled 
shock absorber designed to dampen carriage oscillations 
during motion. A passenger carriage typically has four 
vibration dampers. Generally, within six months of ope
ration, these dampers begin to fail due to the destruction 
of  the  chrome coating and oil leakage. The cumulative 
costs of  oil loss, rod replacement, and carriage down-
time are substantial. It should be noted that worn rods are 
typically not repaired but discarded. Improving the wear 
resistance of  these critical components can significantly 
reduce railway maintenance costs and enhance the safety 
of railway operations [13 – 16].

Samples for the  structural and tribotechnical studies 
were prepared from two types of vibration damper rods: 
the first was a worn rod restored using GTS with 40Kh13 
steel wire, and the second was a rod coated with a pro-
tective layer applied through standard electroplating in 
a liquid electrolyte. 

The wear rates of  the  electroplated and gas-thermal 
coatings on the  test samples were determined through 
comparative wear tests conducted on a 2070 SMT-1 
tribometer, following the previously described roller-to-
pad configuration. The experimental scheme is shown in 
Fig. 2.

The performance criterion for comparison was 
the duration of  sample operation until the onset of coa
ting failure under a load of P = 400 N and a shaft rota-
tion speed of  ω = 350 rpm. The degree of  wear was 
evaluated using the following parameters: for the rollers, 
by the change in diameter; and for the pads, by the depth 
and width of the grooves formed on their surface during 
the experiment. 

 Results

The structural analysis of the coatings revealed notable 
differences. The thickness of  the  dense electroplated 
chrome coating did not exceed 0.1 mm, with a sharp and 
well-defined boundary observed between the  coating 
and the  substrate (Fig. 3, а). In contrast, the  thickness 
of the coating applied through GTS reached approximately 
2 mm, with a similarly distinct boundary evident in this 
case. The metal structure within the gas thermal sprayed 
coating zone comprised mixed layers of  the  sprayed 
metal, varying in thickness (Fig. 3, b). Discontinuities, 
such as cracks and pores, were observed at  the  boun
daries between these layers. The calculated porosity 
of the material was determined to be 5 – 6 %. Microhard-

Fig. 1. General view (а) and diagram (b) of the vibration damper rod 

Рис. 1. Общий вид (а) и схема штока (b) виброгасителя

Fig. 2. Experimental scheme

Рис. 2. Схема проведения эксперимента



Izvestiya. Ferrous Metallurgy. 2024;67(6):710–715.
Kolubaev A.V., Sizova O.V. Structure and properties of coatings obtained by gas-thermal spraying

713

ness measurements indicated that the  chrome coating 
exhibited a hardness of  approximately 700 HV, while 
the gas-thermal sprayed coating demonstrated a hardness 
range of 340 – 400 HV. The substrate material (45 steel) 
had a hardness within the range of 150 – 180 НV.

During the  first three hours of  testing, no signifi-
cant changes were observed in either sample. However, 
after six hours of  testing, the  sample with the  chrome 
coating began to  exhibit the  initial signs of  substrate 
material deformation and localized chipping of the coa
ting. These signs included the formation of a deformed 
layer beneath the  coating, measuring 0.8 – 0.9 mm in 
depth, and the  detachment of  coating fragments along 
the  boundary (Fig. 3, c). The image clearly illustrates 
that the failure of the chrome coating occurred through 
the  detachment of  small particles in areas where sub-
strate material (the  rod) deformation had occurred 
beneath the coating.

The coating applied through GTS retained its original 
structure throughout the entire testing period (9 h) with-

out any visible signs of damage. Wear occurred gradually, 
with the removal of thin surface layers, avoiding the for-
mation of localized areas with significant material loss.

 Analysis and discussion of results

The analysis of  the  results revealed that the  coat-
ing applied to  the  vibration damper rod through GTS 
of 40Kh13 steel wire demonstrated excellent wear resis-
tance under conditions of boundary friction with lubrica-
tion. This highlights its potential as a viable alternative 
to  electroplated chrome coatings. The exceptional wear 
resistance of  the  gas thermal coating makes it suitable 
not only for restoring the  dimensions of  worn compo-
nents and enhancing the durability of new ones but also 
as a replacement for specialized anti-friction bearing 
alloys. The findings suggest that, in most cases, GTS is 
the most economically viable method for applying anti-
friction coatings on components operating under sliding 
friction with either limited or abundant liquid lubrica-
tion [17 – 20]. 

Fig. 3. Microstructure of the samples in cross section:
a – chrome coating applied by galvanic method; b – coating obtained by gas-thermal spraying; 

c and d – destruction of chrome and of sprayed coatings

Рис. 3. Микроструктура образцов в поперечном сечении: 
а – хромовое покрытие, нанесенное гальваническим способом; b – покрытие, полученное газотермическим напылением; 

c и d – разрушение хромового и напыленного покрытия



Известия вузов. Черная металлургия. 2024;67(6):710–715.
Колубаев А.В., Сизова О.В. Структура и свойства покрытий, полученных способом газотермического напыления

714

 Conclusions

It has been established that the  GTS method, which 
involves heating the metal to a liquid state followed by its 
atomization using a gas jet, can be effectively employed 
to restore the worn surfaces of steel components. 

Comparative studies of  the  tribotechnical properties 
of coatings applied through GTS and electroplating indi-
cate that the gas thermal method reliably addresses a wide 
range of technological applications, including application 
of  wear-resistant, anti-friction, and corrosion-resistant 
coatings; alitizing through spraying (to enhance heat 
resistance); increasing the  dimensions of  components; 
surfacing and soldering through spraying; rectification 
of casting defects.
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