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ABSTRACT

The effect of the magnetron discharge power in the range from 2.2 to 8.2 kW on the deposition rate of
chrome coatings obtained by spraying an uncooled and cooled planar extended target is studied. The
coatings were applied to 12Cr18Nil0Ti stainless steel samples with temperature control using a chromel-
copel thermocouple. It is shown that the deposition rate of coatings for an uncooled chrome target
increases non-Llinearly with an increase in power of more than 6.5 kW, and at a power of 8.2 kW reaches
45 pm/h, which is more than 2 times higher than for a cooled target. The results obtained indicate the
prospects of using such extended magnetron systems to solve a number of applied problems in the energy
sector, in particular, the formation of thermal barrier coatings on the domestic gas turbine blades.
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Introduction

Coatings of chromium and its compounds are widely used in industry. A chromium layer
can be applied to provide corrosion protection or to increase surface hardness and wear
resistance. The widely used galvanic chromium plating (electroplating) processes now
face several restrictions due to the recognition of hexavalent chromium as a carcinogen
in the 1990s. As a result, many countries have actively begun to develop and implement
alternative chromium plating processes, among which physical vapor deposition (PVD)
methods were the most widespread. However, all PVD processes developed to date still
fall short of electroplating in three key criteria: productivity, cost and the ability to process
large and elongated products. While recent years have seen the emergence of
technological setups capable of handling products of varying dimensions [1,2], the
challenge of improving PVD process efficiency remains unresolved.

One of the most widely used PVD processes is magnetron sputtering of a target by
inert gas ions at reduced pressure. The devices implementing this process are called
magnetron sputtering systems (MSS) [3-5].
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Today, MSS are employed for depositing thin films and protective coatings in many
industries due to their undeniable advantages: drop-free atomic flow, compatibility with
any conductive materials and semiconductors and relative ease of scaling for large and
elongated products [6-8]. The drawbacks of MSS include low deposition rates, target
material utilization coefficient not exceeding 30 +40 % and a low percentage of
ionization of sputtered atoms. The vast majority of industrial MSS use cooled ("cold”)
targets, where cooling is primarily necessary to prevent overheating of the magnetic
system [9,10] rather than the processed products. In magnetron sputtering processes for
coating formation in engineering applications, such as depositing erosion-resistant
coatings on steam turbine blades or heat-resistant coatings on gas turbine blades, the
temperature of the products can reach 400 °C or higher. For such tasks, cooled targets
are not strictly necessary. Target heating occurs mainly due to the kinetic energy
transferred to the target by accelerated ions generated in the magnetron discharge
plasma burning region, leading to sublimation of material from the target surface.
Sublimation significantly increases the deposition rate. The target material must have
sufficient sublimation rates at its heating temperature, which is determined by the Hertz-
Knudsen equation [11] (e.g., chromium or titanium). The target mounting design should
minimize heat transfer to the magnetron’s cooled parts, for example, by using thermal
insulation gaskets. This positively affects the growing film’s structure and enhances the
productivity and cost-efficiency of the coating process.

Recently, several studies [12-28] have been published on uncooled chromium
target sputtering, but these are research-oriented, as they used small planar round
targets. In contrast, engineering applications require elongated planar targets
comparable in size to the products. Elongated target sputtering (circa over 500 mm)
presents technical challenges, particularly in ensuring uniform heating along the target’s
length, since the sublimation rate is a power function of temperature.

This study investigates the effect of discharge power on the deposition rate of
chromium coatings formed by magnetron sputtering of an elongated uncooled target for
industrial protective coating applications.

Materials and Methods

The coatings were formed using a vacuum system developed at National Research
University "Moscow Power Engineering Institute” [29,30], equipped with four elongated
magnetrons arranged in opposing pairs ('face-to-face”) at a distance of 300 mm. The
magnetic fields of the magnetrons were synchronized to form a closed magnetic field in
the space between them.

Thanks to the specialized planetary mechanism of the system's carousel, various
processing and coating deposition modes could be implemented. In particular, it was
possible to perform ion cleaning (etching) of samples using one pair of magnetrons while
depositing coatings with the other pair, which was utilized in the present study.

Coating deposition was performed using a planar elongated magnetron with both
cooled and uncooled targets made of chromium (99.9 %). The target dimensions were
710 x 65 x 6 mm?, with the uncooled target assembled from separate plates. A key feature
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of the uncooled target's cathode assembly was its attachment to the magnetron through
a thermal insulation gasket, ensuring low heat transfer and consequent target heating.

Coatings were deposited on polished 12Cr18Nil0Ti stainless steel samples
measuring 30 x 40 x 1 mm?. During the technological process, samples were mounted on
a rotating fixture positioned in front of the magnetron. The target-to-fixture rotation axis
distance was 150 mm. Experiments were conducted in high-purity argon atmosphere,
with argon supplied to the vacuum chamber using an RRG-10 gas flow controller.

Target temperature was measured during the experiment using a chromel-alumel
thermocouple with its tip installed at the target's side edge, allowing placement near the
magnetron discharge zone. Sample temperature was monitored with a chromel-copel
thermocouple with sample potential.

The coating process involved chamber preheating and high-vacuum pumping to
5 x 107® Pa using a diffusion pump. Argon was supplied to the chamber with 15.3 NL/h
(normal liters per hour) consumption during all experiments. lon cleaning of sample
surfaces was carried out in glow discharge with magnetron discharge support on cooled
targets for 10 min across all power ranges. During cleaning the heating of uncooled
targets was carried out. Temperature measurements showed the uncooled target reached
steady-state conditions within 10 min across the entire applied power range from 2.2 to
10 kW. The sample fixture was then moved to the uncooled target's deposition zone and
after that the coating was deposited. During coating, samples rotated directly in front of
the target. For cooled target experiments, samples remained stationary and after cleaning
the coating was deposited. Coating deposition time was 20 min for all experiments with
-100 V bias voltage applied to samples. During transfer between cleaning and deposition
zones for uncooled targets, samples temporarily assumed floating potential. Coating
thickness was measured with Calotest Compact measuring device using ball cratering in
accordance with ISO 1071-2, with deposition rates calculated from thickness data. For
some experiments, metallographic microsections were manufactured, which were
examined using a TESCAN MIRA 3 LMU scanning electron microscope.

Results and Discussion

Figure 1 shows photographs of (a) an uncooled chromium target with an installed
thermocouple in its lower part, (b) magnetron discharge on the surface of the uncooled
target in argon plasma, (c) glow of the uncooled target immediately after turning off the
magnetron discharge. Figure 1(b,c) demonstrates that target heating is uniform along its
entire length. Table 1 presents the measured coating thickness and growth rate, as well
as target and sample temperatures for the uncooled target.

Figure 2 shows the dependence of target temperature (curve 1) and sample
temperature (curve 2) on discharge power in the range from 2.2 to 8.2 kW. Target
temperature measurements were taken during brief turning offs of the discharge to avoid
electromagnetic interference with the thermocouple.

Target temperature is a critical technological parameter that allows monitoring the
onset of target material sublimation. The obtained dependencies of power influence on
temperature (Fig. 2) and deposition rate (Fig. 3) are necessary for correlating target
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temperature values with the beginning of its sublimation process, characterized by
nonlinear growth in deposition rate.
Sample temperature is determined by the balance of power fluxes reaching its
surface - the flow of sputtered atoms, crystallization heat, radiation from the heated
target surface - and radiation from the sample surface [30]. The dependence of sample
temperature on magnetron discharge power allows selecting a coating deposition mode
that prevents changes in the sample’s (product’s) microstructure. Figure 3 shows the
dependencies of chromium coating deposition rates obtained from the data in Table 1.

(b)

©

Fig. 1. Uncooled chromium target: (a) the thermocouple place of installation; (b) magnetron discharge in
argon plasma; (c) the view immediately after turning off the discharge

Table 1. Coating thickness and growth rate and target and sample temperatures

Cooled target Uncooled target
Power, " " " "
Coating |Coating growth| Coating |Coating growth Target Sample
kw . .
thickness, um | rate, um/hour |thickness, um| rate, um/hour |temperature, °C | temperature, °C

2.2 1.74 5.22 1.76 5.3 679 335
3.2 2.6 7.8 3.2 9.6 876 374
4.1 3.2 9.6 4.3 129 993 400

5 4.0 12.0 5.0 15.0 1060 431
5.9 4.6 13.8 6.0 18.0 1114 446
6.5 5.0 15.0 6.6 19.8 1123 480
7.3 5.8 17.4 8.2 24.6 1158 498
8.2 6.5 19.5 15.0 45.0 1176 543
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Fig. 3. Dependences of chromium coating growth rates on the magnetron discharge power for uncooled

(1) and cooled (2) targets

Figure 3 demonstrates that at powers exceeding 6.5 kW, a nonlinear increase in
coating growth rate is observed, caused by the addition of atoms evaporated from the
target surface to the flow of sputtered atoms. At 8.2 kW power, the growth rate more than
doubles, indicating equal flows of sputtered and evaporated chromium atoms from the
target surface. Similar results were obtained for a magnetron with a small round uncooled

target [17,31].

The obtained

results demonstrate that increasing target temperature can

significantly enhance chromium coating growth rates, which has substantial economic
importance for industrial applications. Moreover, the sublimation process of target atoms
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generally occurs from the entire heated target surface, which can improve target
utilization efficiency.

Figure 4 shows that coatings in both cases (sputtering from cooled and uncooled
targets) have dense columnar structures without visible pores or defects. However, in the
case of the uncooled target (Fig. 4(b)), the chromium coating structure is finer-grained,
with column widths ranging from 0.2 to 1.2 ym, while sputtering from a cooled target
(Fig. 4(a)) produces columns up to 3 um wide.

SEM HV: 10.

g L | SEM HV: 10.0 kV Det
View field: 15.0 pm WD: 9.14 mm View field: 15.0 ym WD: 9.05mm  2um
SEM MAG: 42.1 kx SEM MAG: 42.1 kx

Fig. 4. Transverse sections of chromium coatings obtained by sputtering from a cooled (a) and uncooled
(b) targets at a power range of 7.3 kW

Although the differences in coating structure may be insignificant in this particular
case, they will inevitably affect coating properties. Furthermore, it should be expected
that increasing coating growth rate through sublimation may reduce mechanical
properties while increasing porosity and structural defects, due to the significant
difference in energy between sputtered and evaporated atoms.

In [32], we investigated characteristics of chromium coatings obtained from an
elongated uncooled target, which showed high adhesion and low roughness at high
growth rates. However, we believe that optimal coating formation parameters will need
to be determined for each specific application.

Conclusions

As a result of a series of experiments on chromium coating formation using elongated
cooled and uncooled targets, it was established that when increasing the magnetron
discharge power above 6.5 kW (which in our experimental conditions corresponds to an
uncooled target temperature exceeding 1100 °C), a significant nonlinear increase in
coating growth rate is observed.

At a magnetron discharge power of 8.2 kW, the growth rate of chromium coatings
from an uncooled target more than doubles compared to the growth rate from a cooled
target. This growth rate enhancement is associated with material sublimation from the
target surface.
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The results of this study were obtained for the first time and demonstrate the
promising potential of using magnetrons with uncooled elongated targets to improve the
efficiency and competitiveness of modern magnetron sputtering systems for industrial-
scale protective coating formation.
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