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This work presents a magnetron sputtering system with a cylindrical magne-
tron to can be used for protective coatings in the internal surface of pipes. 
The main advantage of the system is to operate in both constant and pulse 

current mode, to perform the preliminary surface cleaning and to form a sin-
gle-layer or multi-layer coating in one technological cycle. The tantalum and 

chromium coatings obtained using the systems with the cylindrical magne-
tron have high physical and mechanical properties. 
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У роботі представлено магнетронну розпорошувальну систему з цилінд-
ричним магнетроном, яка може бути застосована для нанесення захисних 

покриттів внутрішньої поверхні труб. Істотною перевагою нашої магнет-
ронної системи є можливість в одному технологічному циклі проводити 

попереднє очищення поверхні і формування одношарового або багатоша-
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рового покриття. Одержані за допомогою системи з циліндричним магне-
троном покриття танталу і хрому мають високі фізико-механічні показ-
ники. 

Ключові слова: система магнетронного розпорошення, захисні покриття, 
внутрішня поверхня труб, циліндричний магнетрон, твердість покриттів. 
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1. INTRODUCTION 

Service life extension and improvement of operational reliability for 

pipes are a crucial problem in today industry. These elements generally 

undergo severe mechanical and chemical weariness due to friction of 

the surfaces and environment with various degree of aggressiveness, 

which results in physical destruction and corrosion of a material of 

pipes. Thus, the pipes require high mechanical, thermal and corrosion 

resistance as their main features [1]. 
 Service life extension can be realized through various approaches. 

Of special note is that number of technologies, techniques and facili-
ties applied for hardening the industrial products, for internal surface 

treatment is limited because of geometry, inaccessibility and often 

small parts of the products.  
 The most promoting and advanced techniques for hardening the in-
ternal surface of the pipes and of complex profile internal surfaces are 

the plasma sputtering methods [2–5] and laser facilities application. 
 A widely-used kind of plasma sputtering for coating is the vacuum-
arc deposition technology which is popular, proven and successfully 

applied in industry [2]. However, because of well known disadvantages 

like pillar-like grain growth and dewetting which lead to degradation 

of coating performance, researchers and engineers keep on searching 

with a particular effort on other more promising methods to provide 

substantially better results. 
 Magnetron sputtering is another kind of plasma sputtering. It is one 

of the most widely applied approaches in plasma technologies for high-
quality coating and enhancing the physical and chemical parameters of 

the industrial product surfaces. In particular, the magnetron sputter-
ing demonstrates good performance in hardening the materials [6], in 

wear- and corrosion-resistant coating the industrial products [7, 8]. 

HIPIMS (High-power impulse magnetron sputtering) is being actively 

developed as a kind of the magnetron sputtering for protective coating 

where the high-power pulses are applied [9]. The distinctive feature 

and advantage of this technique is high density of the ionized atoms of 

the sputtered substance in plasma due to peak capacities or current 

density which result in better adhesion, lower roughness and coating 

hardness [10]. Leading world companies engaged in developing the 
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technology of pipes coating focus on the cylindrical magnetron sput-
tering technique [11]. 
 It is a well known fact that the most in-demand materials for hard-
ening and protective coating are Ta, W, Nb, Mo, Ti, Cr, the alloys with 

these metals as the basic components in different concentrations, the 

CrN compound, high entropy alloys and ceramic coatings. For exam-
ple, Ta is hard-melting, chemically-stable to aggressive environment 

and ductile; Nb and Ti have high corrosion resistance and ductile prop-
erties. Сhromium nitrides are characterized by high hardness and elas-
ticity modulus, perfect features in wear and corrosion resistance [12, 

13]. 
 It is evident from foregoing, that the issue in internal surface 

treatment of pipes to obtain the coating of high performance is urgent. 

The main difficulties, problems and tasks are related to inaccessible 

coatings of complex shape, limited areas and enhancement in coating 

quality, power and efficiency of atomizers. In this connection, the 

study is aimed at range of works on designing and testing a powerful 
system of magnetron sputtering for internal protective coating of the 

pipes.  

2. DESIGN OF CYLINDER MAGNETRON, 
EXPERIMENTAL TECHNIQUE AND RESULTS 

The authors from Institute of Applied Physics N.A.S. of Ukraine have 

developed the design documents and prepared a test model of a cylin-
drical magnetron with its further testing. The CM-based sputtering 

system used for sputtering the chemically stable and high-melting 

metals allows protective coatings onto internal complex profile surfac-
es of the pipes. This magnetron system can be applied only for the pipes 

with internal diameter 60 mm at least. 
 Figure 1 shows a cylindrical magnetron comprised of two magne-
trons A and B identical in design. Each magnetron is equipped with an 

individual magnet system 1 based on permanent magnets (SmCo) with 

an adjusting mechanism and water-cooling (channel 2). The main ele-
ments of the CM scheme are also the target cathodes 3, 6 and the ring 

anodes 4, 5, 7, 8. The detachable target cathodes may be replaced if 

other materials need to be sputtered. 
 In the magnetron design, an economic use of the sputtering targets 

crucial for expensive materials is considered. For this purpose, the 

targets are placed at a technological minimum distance from the mag-
net systems. The active zone of the material sputtering may be moved 

with the specified speed along the whole surface of the cylindrical tar-
get due to two anodes. This allows coating of more uniform thickness. 

Note that the A and B magnetrons are structurally and electrically iso-
lated from one another and may operate individually. This makes it 



244 O. I. SHKURAT, V. A. BATURIN, S. M. KRAVCHENKO et al. 

possible, in one technological cycle, with one of the magnetrons (mag-
netron A) to make preliminary cleaning of the inner surface of the 

pipes, and by the other (or others, in the case of three or more magne-
trons), to sputtering the coating. The material of the inner surface of 

the tube that is deposited on the surface of the magnetron A, must be 

removed for the next experiment. 
 The sealed channels 2, 9 are used for supplying the electric poten-
tials to the target cathodes and anodes and for rejecting the excess of 

thermal energy from the CM magnet system. In an operating mode, af-
ter inlet of an operating gas (which is purified argon, as a rule) as the 

relevant potentials are supplied onto the magnetron electrodes, plasma 

starts burning in a target-anode gap. The main elements of the plasma 

here are neutral atoms and ions of the target material [15]. To acceler-
ate the ions of the sputtered target material, potential bias is supplied 

between the cathode and a substrate [16]. 
 To find the proper technological process of metal sputtering onto inter-
nal complex profile pipe surfaces, a pipe fragment (steel 0XN3MFA) 
equipped with the heating and temperature control systems and a steel wit-
ness sample (steel 0XN3MFA) to be coated are used (Fig. 2). 
 Sample surface preparation is crucial for high quality coatings. A 

three-stage cleaning of the surface is applied: washing in an ultra-
sound bath with specific detergents; heating (degasification) in vacu-
um before the coating; ion-plasma etching. The latter is realized with 

the A magnetron and glow discharge plasma is then generated. 
 The magnetron system with the cylindrical magnetron (Fig. 3) is 

tested at the vacuum facility VNP-350-1. The system is attached to the 

 

Fig. 1. Sectional head of a cylindrical magnetron: A is first magnetron; B is 

second magnetron; 1 are magnets (SmCo); 2, 9 are sealed channels; 3, 6 are 

target-cathodes; 4, 5, 7, 8 are anodes; 10, 11 are protective screens. 
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vacuum chamber with a flange 1 and an operational sealant 2 (a fluoro-
plastic plug with rubber rings and other parts). The sealant ensures 

vacuum tightness of the moving parts when the magnetrons 3 and 4 are 

shifted from the position of the samples 5 to other samples along the 

pipe fragment 6 during the next process of ion cleaning and sputter-
ing. 
 The magnetron sputters are known to require effective target and 

magnet cooling as they suffer a considerable thermal impact during 

sputtering. As a rule, they are water-cooled. In our case, CM is 

equipped with a cooling system operating on flow deionized water. 
 In an operating chamber of VNP-350.01, vacuum of about 10

3
 Pa is 

maintained via turbomolecular pump. Pressure of inert operating gas 

is about 1 Pa. For operating plasma generation, a negative potential is 

supplied onto the target cathode, the anodes are grounded. The exper-

 

Fig. 2. A fragment of the pipe (a) and its witness sample (b). 

 

Fig. 3. The magnetron sputtering system with a cylindrical magnetron: 1 is 

connecting flange; 2 is a sealant; 3, 4 are magnetrons; 5 are substrates; 6 is 

pipe fragment; 7 is mechanism for moving magnetrons. 
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iments show that the stable discharge of the magnetron is observed at 

discharge current of 1 A at least. 
 The surface cleaning with a glow discharge is a modern and the most 

promising technique. It allows cleaning the surfaces of various size 

and profile including the internal surfaces. At abnormal glow dis-
charge, the potential can be varied in wide range at the cathode region 

according to gas pressure and current density at the cathode, and the 

energy of the ions bombarding the surface can also be varied. At ion 

cleaning, the internal surface of the pipe fragment is used as a cathode 

of glow discharge (a diode circuit etching). To test this technology, a 

200 nm layer of Cu is coated onto the steel samples with our sputter. 

Then the obtained copper surface is cleaned. The quality of the surface 

treatment is visually inspected and the results are accepted as reasona-
ble where the copper layer is completely etched. 
 For optimal modes and conditions of the abovementioned cleaning 

technology to be found, negative potential up to 900 V is supplied onto 

the pipe fragment and all the electrodes of the A and B magnetron are 

short-circuited and grounded. The surface sputtering is performed 

with the argon operating gas ions. The experiments show that efficient 

cleaning of the surface in the glow-discharge is observed at argon pres-
sure in the range 3

10
 Pa and at a bias voltage over 400 V. As the operat-

ing gas pressure and the bias voltage grow, quality and efficiency of 

cleaning increase, which is quite obvious, but there is also a possibility 

of the breakdowns in the chamber and arc discharge occurred. Eventu-
ally the most optimal mode for the mentioned conditions is the mode 

with the argon pressure in the chamber of about 3 Pa and with gradual 
growth of the bias voltage at the pipe fragment of up to 900 V, the ion 

current is about 50 mA. In this mode, the required efficiency is 

reached and a 200 nm copper film is completely etched. 
 The technology of sputtering with CM involved is elaborated with 

tantalum and chromium cathodes since these metals and alloys based 

on them ensure decent protective coatings. One of the magnetrons is 

grounded as another operated, the bias voltage supplied to a substrate 

holder (the pipe fragment) with the samples is varied. High vacuum is 

obtained at about 10
3

 Pa, inlet of Ar operating gas is performed up to 

1–1.5 Pa. Other technological parameters are as follows: discharge 

current is about 1 A, potential at the magnetron is 100–270 V, bias 

voltage is 100–550 V, the substrate temperature is 20–300С. 
 For further information on thickness of the sputtered coatings, the 

additional glass samples are mounted onto the substrate holder in each 

experiment. The coating thickness is measured by multiple-beam in-
terferometry (strip method) at an interferometer MII-4, the thickness 

is 0.5–1.5 m. 
 The study of the elemental composition of the coatings is carried out 

using the PIXE-analysis method. For profiling, the proton beam bom-
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barded the target at an angle of 0 relative to the normal to the sample 

surface. The resulting X-ray radiation is recorded using a semiconduc-
tor detector located at an angle of 45 to the direction of the beam. For 

profiling, the sample is irradiated with 1 MeV protons. 
 The beam current is chosen taking into account the dead time of the 

ADC and the duration of the required charge accumulation, which is 

10 s. In the experiment, the beam current is in the range from 35 to 

55 nA. Under these conditions, the dead time did not exceed 9%. The 

research results are shown in Table 1. 
 Physical and mechanical features of the coatings are studied at 

Frantsevich Institute for Problems in Material Sciences N.A.S. of 

Ukraine. Microhardness and the elasticity modulus are presented in 

accordance with the International Standard ISO 14577-1:2002. These 

measurements are performed with the Berkovich pyramid (angle of 

65) with load of 200–300 g at the ‘Mikron-Gamma’ appliance [17] 

with load accuracy of 10
3

 N, and depth penetration of an indenter of 

2.5 nm. 
 There are a number of methods for determining adhesion that can be 

classified according to the prevailing normal or shear test loads at the 

interface with the substrate. The most common methods for determin-
ing of adhesion are methods of indentation with various indenters, de-
taching a film of material from the substrate, as well as the method of 

sclerometry (scratching) [16]. 
 The sclerometry (scratch) is the best method for determining adhe-
sion characteristics. When determining adhesion by the scratching 

method, the film breaks through until the substrate is exposed and the 

coating peels off. To research adhesion it is necessary to measure pre-
cision magnitude of the maximum load leading to the breaks of the 

film [17]. 
 The parameter of adhesion, characterized by the parameter of the 

maximum load when scraping the coating. All this do technological 
processes of sputtered coatings better, in such parameters as the modes 

of their deposition, the method of preparing the substrate surface, etc. 

and evaluate their quality. 
 Parameters of coating adhesion are found by a sharp indentor im-

TABLE 1. Elemental composition of coatings determined using PIXE analysis. 

Cr electroplated Cr 
95.74 

Fe 
2.90 

Mn 
0.43 

Mo 
0.30 

Cu 
0.18 

Ni 
0.11 

 Impurity 
0.34 

Ta magnetron 
sputtering 

Ta 
97.83 

Fe 
1.40 

Cr 
0.30 

Ni 
0.19 

 Impurity 
0.28 

Steel (substrate) Fe 
92.92 

Ni 
3.00 

Cr 
1.30 

P 
0.65 

Mo 
0.44 

Mn 
0.3 

Cu 
0.28 

V 
0.12 

Impurity 
0.99 
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mersed into the coating surface and moved at constantly growing me-
chanical load. The main physical and chemical parameters of the coat-
ings made by the cylindrical magnetron system and features of the 

electroplated chromium coating are tabulated in Table 2. 
 The measurements showed that the cracks in the Ta coatings occur 

only when the load is over 21 cN. It is particularly remarkable that the 

electroplated coating of Cr made by PJC ‘Sumy Frunze Machine-
Building Science and Production Association’ the cracks are observed 

even at a two times less load (about 11 cN) and the coating is rather 

brittle. Among all studied samples, the Cr coating made by the magne-
tron sputtering also had the highest adhesion of 27 cN. It may be de-
duced from the data in Table 2 that the parameters of linear wear for 

the samples obtained by electroplated coating and magnetron sputter-
ing differ little from each other and are 6–9 times less than those of the 

steel samples (the substrates). 

3. CONCLUSIONS 

The magnetron sputtering system with a cylindrical magnetron for 

thin protective coating of internal surface of pipes has been developed, 

designed and constructed. This system allows elaboration of technolo-
gy of sputtering a single-layer or multi-layer coating required for var-
ious industrial products. 
 Basing on physical and chemical parameters it can be concluded that 

the Ta and Cr coatings obtained with this sputtering system in relevant 

operating modes are highly competitive with the chromium coatings in 

hardness and are also advantageous in elasticity modulus which is 

close to that of steels. This benefit may be used for protective coating 

of internal surface of pipes. It is also important to note that the magne-
tron sputtering system is environmental friendly and safe for human 

[18] in contrast to electroplating. 
 Basing on the successful experimental tests and studies of the test 

model of the cylindrical magnetron and the coated films, the construc-

TABLE 2. Physical and mechanical parameters of the coatings. 

Material HIT, GPa f Fa, cN Іlin10
7 d, m 

Cr electroplated 
Ta magnetron sputtering 
Cr magnetron sputtering 

Steel (substrate) 

13.0 
5.5 
11.5 
3.3 

0.053 
0.265 
0.060 
0.198 

11 
21 
27 
28 

0.33 
0.34 
0.49 
2.87 

0.90 
0.65 
0.75 
– 

HIT is hardness at autoidentation; f is friction coefficient; Іlin is a parameter of 

linear wear; Fa is load whereby the cracks occur in the coating; d is coating 

thickness. 
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tion of a facility for protective coating in internal surface of pipes for 

various industries becomes real. 
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