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Abstract—Currently, there is widespread interest in developing efficient technologies for harnessing solar
energy, both in direct conversion of solar energy into electrical energy and in solar thermal power plants
(STPPs). STPPs are sustainable sources of electricity due to the accumulation of heat in a heat carrier, which
can be water, molten salt, or oil. The key to increasing the attractiveness of this technology lies in replacing
the method of directly generating steam by heating water with solar radiation, with a receiver method using
an intermediate heat transfer f luid. The technology of transferring heat obtained from solar radiation through
liquid salt (a mixture of potassium nitrate and sodium nitrate, among others) imposes high demands on the
pipes of this system that carry the heat transfer f luid, particularly regarding their corrosion resistance and ser-
vice life. Using pipes made of ordinary steel grades with a special anti-corrosion coating applied to their inner
surface can significantly reduce costs and increase the service life of the pipes, as well as the efficiency and
reliability of STPPs. The study demonstrates that the method of comprehensive plasma vacuum arc treatment
of the inner surface of metal pipes of various configurations, and the application of special coatings, ensures
high anti-corrosion protection. For instance, applying a thin-layer coating of austenitic steel with a high chro-
mium content (up to 28%) to samples of martensitic steel pipes resulted in 100% retention of the original
sprayed material composition. Thus, the mechanical strength of the base material of the metal pipes in salt
STPPs is combined with the high anti-corrosion properties of the applied material. Recommendations are
provided for using plasma vacuum arc technology to ensure high operational properties of the circulating pipe
systems in salt STPPs.
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INTRODUCTION

Currently, there is a widespread interest in the
development of efficient technologies for the use of
solar energy, both in the direct conversion of solar
energy into electrical energy and in solar thermal
power plants (STPPs) [1–3]. Given that Uzbekistan
has a large number of sunny days, the potential for
using alternative solar energy is high [4, 5]. STPPs are
sustainable sources of electricity due to the accumula-
tion of heat in the heat carrier and the hybridization of
energy carriers. For example, tower-type solar power
plants implemented within the Solar Two project with
a capacity of 10 MW are undergoing testing in Bar-
stow, United States [6, 7]. In addition, a prototype
plant with a capacity of 25 kW operates in Golden,
United States [8]. Similar large-scale salt-based
STPPs have been built in Morocco (160 and 580 MW)
and are under construction in China (up to 6.0 GW)
[9–14].

Existing tower-type STPPs use the following heat
carriers and working f luids: water (steam), sodium,
molten salts, air, and helium [15]. When using sodium
and molten salts in the circulation scheme of an STPP,
two circuits are needed, the heat carrier and the work-
ing f luid, which is most often water. For future large
industrial plants, the preferred heat carriers for solar
receivers are molten salts and liquid sodium, which
reduce the cost per kWh by 25%. A mixture of 60%
NaNO3 and 40% KNO3, thermally stable up to 600°C,
is relatively inexpensive. Experiments on the corrosive
activity of metal pipes have shown that this mixture
interacts with most structural materials, leading to
their oxidation. A promising material for the elements
of the salt circuit is the Incolloy 360 alloy. For solar
installations (70–1000 kW) operating at temperatures
of 575–657 K and having the best performance (effi-
ciency of 24%), it is recommended to use SYL-
THERM 800, a silicone-based oil stable up to 673 K,
as a heat carrier [15].
483
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Fig. 1. Diagram of a solar thermal power plant [9].
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The basis for improving the performance of this
technology is the use of a scheme with an intermediate
heat carrier, which is liquid salt, primarily a mixture of
potassium nitrate and sodium nitrate [16]. This
imposes high requirements on the corrosion resistance
and lifespan of the circulation system pipes [17]. The
use of ordinary steel pipes with a special anti-corro-
sion coating on their inner surface for these purposes
will significantly reduce costs and increase the opera-
tional efficiency and reliability of salt-based STPPs.
Figure 1 shows a typical scheme of a salt-based STPP [15].

From the presented scheme, it is clear that the core
of the STPP technical system comprises the first and
second heat carrier circulation circuits to the actuating
systems, formed from high-alloy heat-resistant steel
pipes. This determines a certain portion of the total
cost of power plants of this type, as well as increases
their lifespan, efficiency, reliability, and cost effective-
ness. A unique feature is the use of liquid sodium as a
heat carrier, which removes heat from the radiation
receiver. The back wall of the receiver is a semi-cylin-
der with austenitic steel tubes with an active area of
17 m2 through which liquid sodium circulates.

The operating principle of an STPP is as follows.
Heliostats [18–21] reflect incoming sunlight onto an
integrated receiver-evaporator with molten salt, which
has an insulated partition separating the hot and cold
parts of the molten salt. The metal pipes of the evapo-
rator, as well as the outlet pipe, are connected to the
steam drum and the water drum. The solar f lux
formed by the helioconcentrator heats the molten salt,
which then rises through a hot curved structure (leg)
and transfers its stored heat to the system of parallel
evaporator pipes located in the cold part (leg) of the
molten salt loop. The superheated steam is then sup-
plied to the turbine blades. The cooled molten salt
returns to the receiver through a drain channel [22,
23]. The advantage of this technology using molten
salt in STPPs is that it allows power to be supplied on
demand, not just when the sun is shining. The salt can
store heat for several months, so an occasional cloudy
day does not affect the availability of electricity. In
addition, the power plant’s emissions are minimal,
and there are no hazardous waste byproducts [24].

The very high temperatures of the heat carrier
necessitate the use of high-temperature corrosion-
resistant steels. At temperatures above 1100°C, liquid
fluorine salts are used as the working fluid, and a multi-
stage turbine system is employed, allowing for efficien-
cies of up to 60% and significant water savings. The salt,
which at these temperatures looks and flows almost like
water, passes through a heat exchanger to generate steam
for operating a standard turbogenerator [25].

The presence of a significant number of metal
structures in STPPs, operating in the mode of thermal
and chemical action on the inner surface of tubular
and other internal strip elements of the transport stor-
age exchange system, imposes high requirements on
the products and materials of metal structures, which
are made of high-alloy steels.

At the same time, cleaning the surface [26] of the
metal pipes used in salt STPPs from scale, oxide film,
rust, and other contaminants, as well as improving the
surface properties of these metal pipes, increasing
their microhardness, adhesion, and corrosion resis-
tance, is a relevant task in modern solar energy. Tradi-
tionally used methods for this purpose, such as acid-
alkaline etching, sandblasting, and shot blasting, are
not environmentally safe and do not meet modern
requirements. Moreover, the treated surface, when
exposed to aggressive environments (high-tempera-
ture salt), is subject to corrosion again. Environmen-
tally friendly and economically advantageous compre-
hensive technologies for processing and cleaning the
surfaces of metal products of various configurations
and shapes from oxides and contaminants, with the
application of protective anti-corrosion coatings, can
most effectively be implemented using vacuum ion-
plasma technologies.

The supply of salt from the receiver and back to it
from the storage tank is carried out through a system of
heat-resistant steel pipes capable of withstanding high
temperatures (over 1000°C). Additionally, pipes of a
certain length, diameter, and wall thickness are sub-
jected to active exposure to the heated salt solution,
leading to oxidation of the inner surface of these pipes,
their wear, and a reduction in their service life. There-
fore, it is necessary to apply antioxidant coatings to the
inner surface of the pipes. This is most appropriately
and economically feasible to achieve by ion-plasma
application, with high adhesive resistance, so that the
coating does not peel off from the main material of the
pipe during high-temperature heating and allows for
low-temperature welding of individual pipe sections
and bending them without compromising the integrity
of the applied coating. Thus, the vacuum process of
plasma vacuum-arc deposition of such coatings must
satisfy the assembly and operational processes of the
APPLIED SOLAR ENERGY  Vol. 60  No. 3  2024
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molten salt circulation system pipes and their supply to
the steam generation system of the STPP.

MATERIALS, METHODS, AND OBJECTIVES 
OF THE STUDY

Active research conducted for many years at the
Arifov Institute of Ion-Plasma and Laser Technolo-
gies (formerly the Institute of Electronics), Academy
of Sciences of the Republic of Uzbekistan in the field
of vacuum arc discharge physics and the targeted use
of the results from these fundamental studies in the
development of ion-plasma surface treatment tech-
nologies based on vacuum arc discharge have prede-
termined the development of methods for cleaning the
surfaces of ferrous and non-ferrous metals from vari-
ous contaminants. This has allowed for the replace-
ment of chemical and other aggressive methods of sur-
face treatment of metal products, as well as plasma
torches for applying multifunctional protective coat-
ings and creating multilayer materials with specified
properties.

This technology is based on the interaction of vac-
uum arc discharge plasma with the surface of the
treated metal product. The specific effect of the vac-
uum arc discharge on the material surface is due to the
high energy concentration in the rapidly moving cath-
ode spot, the short-term local heating of the surface,
and the subsequent rapid cooling, which helps to
increase the mechanical strength of metal parts and
products, as well as improve their anti-corrosion and
other properties.

The cathode micro-spots (CMSs) created during
vacuum arc discharge are characterized by high cur-

rent density (105–106 A/cm2) [27], released energy of

approximately 103–107 W/m, and temperature (~3–4 ×

103 K), with a cathode spot size of 10–4 cm2, chaotic
movement over the surface of the metal product at
speeds of up to several hundred meters per second,
depending on the condition of its surface. This allows
the use of vacuum arc discharge as a source of ion-
plasma flow of cathode material for subsequent deposi-
tion on products, surface cleaning of the product (cath-
ode), thermal treatment, quenching, mini-melting pro-
cesses, forming various subsurface compositions.

Objective—To assess the feasibility of applying the
developed method of comprehensive plasma vacuum
arc treatment to the inner surface of metal pipes of var-
ious configurations and the application of special
coatings to ensure high anti-corrosion protection of
the surface, which will significantly extend the service
life of steel pipes used in STPPs and improve the effi-
ciency and reliability of the system with circulating
molten salts in STPPs. Based on the research con-
ducted, recommendations will be provided for the use
of plasma vacuum arc technology to ensure the reli-
ability and high operational properties of the circula-
tion pipe system in STPPs.
APPLIED SOLAR ENERGY  Vol. 60  No. 3  2024
RESULTS AND DISCUSSION

Figure 2 shows a photograph of the frontal section
of metal surfaces (Х18Н10Т steel) of a cleaned hot-
rolled strip with a width of 50 mm (Fig. 2a) and a sam-
ple pipe made from this strip material (Fig. 2b). As
seen in Fig. 2, the surface exposed to arc discharge,
i.e., the cleaned surface, is completely free of scale. On
the front of the cleaned metal pipe, traces of cathode
spots spreading towards the uncleaned area are visible.
Cathode spots on their path completely remove con-
taminants. Due to the chaotic movement of the cath-
ode spots and the selectivity of their burning on areas
with foreign coatings compared to the base material,
the entire surface exposed to the vacuum arc plasma is
cleaned of scale.

The samples subjected to cleaning included hot-
rolled strips from II KP steel, hot-rolled strips from
Х18Н10Т steel, cold-rolled strips of 30-grade steel,
and wire rod 6–8 mm from 65G, 12Х18Н10Т, and
Р6М5 steel.

Samples of pipes made from ХCrNiMo16-5-1
martensitic steel, after plasma cleaning their inner sur-
face, were coated with austenitic steel with a high
chromium content (up to 28%). The obtained coatings
have a 100% replication of the original sprayed mate-
rial composition. Optimal arc discharge currents for
cleaning the inner surface of the pipe samples are 180–
190 A for 30-grade steel and 195–200 A for
12Х18Н10Т steel.

The results of the energy costs for the cleaning pro-
cess of 12Х18Н10Т steel from scale thickness on the
treated surface are shown in Fig. 3.

It can be seen from Fig. 3 that the energy costs
increase with the thickness of the scale on the treated
surface.

STUDY OF THE ROUGHNESS 
OF THE TREATED SURFACE

When the arc discharge impacts the surface, local
heating of the material to high temperatures occurs in
the spot area. Material erosion happens in the form of
explosive evaporation, resulting in craters on the sur-
face, with solidified waves of splashed molten material
on the edges. Figure 3 shows fragments of processed
samples. It can be seen that craters and metal emis-
sions caused by its evaporation and explosive processes
are clearly visible on the cleaned surface.

Figures 4a and 4b show photographs of the craters

formed on the surface by cathode spots at 10–4 Torr

pressure and the sample surface (×600) at 10–1 Torr
pressure, from which it is evident that there are no cra-
ters on the surface. Thus, increasing the pressure in
the vacuum chamber leads to the removal of material
from the surface without significantly altering its sur-
face topography. As the pressure decreases in the vac-
uum chamber, the surface roughness increases.
Increasing the volume pressure enhances discharge
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Fig. 2. View of the inner surface of a metal pipe treated with a plasma arc vacuum discharge: (a) fragment of the treated pipe sur-
face; (b) sample of the pipe with the treated inner surface.

(а) (b)
stability and reduces the minimum level of material
vapor entry into the arc gap. Increasing the pressure in
the vacuum chamber changes the characteristics of the
cathode spot trace on the part, making it broader,
increasing diffusion glow, and decreasing its move-
ment speed.

The technological process was refined on 08KP
strip steel. Cleaning was performed at a discharge cur-
rent of 180–200 A, corresponding to a mode where
100% removal of contaminants from the surface was
observed. Visual monitoring of the arc behavior was
conducted with pressure changes in the volume from

10–1 to 10–2 Pa. It was noted that at 10–1 Pa, complete
cleaning occurred, with both chaotic movement of
cathode spots, represented as branched lines, and
spark glows over the entire area subjected to the arc’s
action. At this pressure, the arc burning was accompa-
Fig. 3. Energy consumption for cleaning steel with an arc
discharge in a vacuum as a function of scale (deposit)
thickness.
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nied by an aura glow around the discharge column.

Lowering the pressure was accompanied by a decrease

in the aura’s glow, which disappeared at around 5–1 ×

10–1 Pa.

Vacuum-arc treatment modes of the inner surface

of Р6М5 pipe were studied to determine the possibility

of regulating the surface roughness class. The surface

roughness of the initial and treated surface was mea-

sured using a model 201 profilograph-profiler by read-

ing surface microroughness indications on the instru-

ment’s scale. Roughness measurement of the initial

pipe sample surface (profilometry) was conducted

along the generatrix over a base length of 0.8 mm.

Measurements showed that the roughness ranged from

0.6 to 0.95 μm, corresponding to class 7 surface rough-

ness according to GOST (State Standard) 2789–73. It

was found that the surface roughness cleaned by arc

discharge in a vacuum significantly depends on the

cleaning modes. This dependence of the roughness

class on the specific charge is shown in Fig. 5.

At low energy densities (specific charge 8–10 C/cm2),

the surface roughness of metal products remains

almost unchanged and falls within the initial rough-

ness class, and in some cases, the roughness class may

increase. At f low densities of 10–15 C/cm2, the rough-

ness increases, and the roughness class drops to class 6

or lower. At f low densities above 18 C/cm2 (studies

were conducted up to densities of 26 C/cm2), the

roughness class drops to class 6 or lower. Thus, by

adjusting the cleaning mode of a steel sample, it is pos-

sible to achieve the desired surface roughness after

cleaning.
APPLIED SOLAR ENERGY  Vol. 60  No. 3  2024
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Fig. 4. Photograph of the surface (×600) after exposure to the vacuum arc discharge: (a) at a pressure of 10–1 Pa; (b) at a pressure

of 10–2 Pa.

(а) (b)

Fig. 5. Dependence of surface roughness class on the treat-
ment mode of an 08KP strip.
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THE EFFECT OF ARC DISCHARGE CURRENT 
ON CLEANING PARAMETERS

The removal of material from the surface of a metal
product (pipe) is carried out by cathode spots of the
discharge the number of which increases with the
growth of the arc current. The area affected by the
cathode spots can be determined according to [28] as:

(1)

where n is the number of cathode spots, v is their
velocity, and d is the diameter of the cathode spot.

According to literature data, the current per spot is
approximately 10–30 A [29]. The track cleaned by a

cathode spot at a pressure of 8 × 10–2 Pa is 0.5–1.0 mm

wide. The velocity of cathode spots is 102–103 cm/s.
Substituting these values, we obtain the cleaning area

equal to 100–200 cm2/s. This is the upper limit of pro-
ductivity since in reality, cathode spots pass multiple
times over the same area, and their velocity is not con-
stant, depending on the thickness and type of scale
and contaminants.

= ,S n dv
APPLIED SOLAR ENERGY  Vol. 60  No. 3  2024
The data on the cleaning of U-60 steel surface in
percentage as a function of the arc current are summa-
rized in Table 1. A higher current value is needed to
clean strips with a greater density and thickness of the
oxide film. As seen from Table 1, complete cleaning
occurs at an arc current of 200–320 A, with visible indi-
vidual cathode spot traces that do not increase the initial
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Table 1. Cleaning of the surface of U-60 steel depending on
the magnitude of the electric vacuum arc current

Current, A Cleaning percentage of surface 3.2 mm wide

80 50–60

100 70–80

120 90–95

135 95–96

170 98–99

190 99–100

200–220 100
surface roughness. Moreover, in some cases, the scale
was not removed from cavities on the strip surface.

Figure 6 presents the dependence of the cleaning
percentage of a tubular product’s surface on the arc
discharge current. The graph shows that at an arc cur-
rent of 60 A, the cleaning percentage of the spherical
and flat surfaces (a) significantly differs from that of
the tooth recess surface (b). Only at a current of 180–
200 A does the cleaning percentage of f lat, spherical,
and tooth recess surfaces reach 100%, although spher-
ical and flat surfaces are completely cleaned of scale at
a current of 125 A.

Isolated traces of erosion, which do not increase
the initial surface roughness, appear only at an arc dis-
charge current of 180–200 A. Typically, the character-
istic size of the micro-irregularities from cathode spot
traces on the cleaned surface does not exceed 2.9 μm.

Therefore, double treatment of the product (if it is
not fully cleaned during the first pass), usually does
not lead to complete surface cleaning. In contrast, a
Fig. 6. Dependence of the cleaning area percentage of various
surfaces of a tubular product on the arc discharge current.
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single processing pass with a cumulative current com-
pletely removes scale from the surface. Multiple passes
lead to metal removal and hardening of the sample.
The rate of surface layer removal for 45 steel is
1.8 g/min at an arc discharge current of 190–220 A.

The optimal final technological mode of plasma
vacuum arc surface treatment involves applying a
micron-thick anti-corrosion coating to the inner sur-
face of a metal pipe up to 1.5–2.0 m in size, with a
diameter of 15–35 cm and wall thickness of 3–5 mm.
This mode can be recommended for the processing
technology of steel pipes in the circulation system of a
salt-based STPP.

The technology and processing mode we devel-
oped for the surface treatment of metal pipes of vari-
ous configurations by exposure to a stable plasma vac-
uum arc discharge increase the strength, wear resis-
tance, and corrosion resistance of the treated steel
surface. It is characterized by high productivity and
ecological cleanliness. Based on the results, we believe
that this technology can be recommended for treating
the inner surface of metal pipe systems in salt STPPs,
as well as evaporative heat exchange and steam super-
heating panels made of carbon steel (A-106GRB),
pipelines made of austenitic steel, and other metal
pipe structures used in thermal solar energy to
enhance their anti-corrosion properties, operational
reliability, and service life.

CONCLUSIONS

The technology of transferring heat obtained from
solar radiation through liquid salt (a mixture of potas-
sium nitrate and sodium nitrate, etc.) imposes high
requirements on the metal pipes of the circulation sys-
tem in salt-based STPPs: their corrosion resistance
and service life. It has been shown that the method of
comprehensive vacuum arc treatment of the inner sur-
face of metal tubular products of various configura-
tions, including steel pipes, and applying special coat-
ings to their inner surface, ensures their high anti-cor-
rosion protection.

Treatment with an arc discharge increases the
microhardness of the near-surface layer of the metal
pipe to a depth of 2–15 μm, depending on the dis-
charge current. The time required for metal removal
by vacuum arc discharge for 45 steel is 1.82 min at an
arc discharge current of 190–220 A. The microhard-
ness of the surface layer of the metal pipe after plasma
vacuum arc treatment increases by 1.5–1.7 times, and
corrosion resistance increases by 10 or more times
compared to the untreated surface.

X-ray analysis and secondary ion mass spectrome-
try methods have shown that the distribution of alloy-
ing impurities in the modified layer of the steel pipe
leads to the enrichment of the surface layer with alloy-
ing elements (Mn, Cr, N) and chemically bonded car-
APPLIED SOLAR ENERGY  Vol. 60  No. 3  2024
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bon, which also contributes to the strengthening of the
tubular product surface.

The technology we developed for treating the sur-
face of tubular products (metal pipes) of various con-
figurations by exposure to a stable vacuum arc dis-
charge increases the strength, wear resistance, and
corrosion resistance of the treated steel surface and is
characterized by high productivity and ecological
cleanliness. We believe that this technology can be
recommended for treating the inner surface of ele-
ments in salt-based STPPs, as well as evaporative heat
exchange, steam superheating panels made of carbon
steel (A-106GRB), pipelines made of austenitic steel,
and other metal pipe structures used in thermal solar
energy to enhance their anti-corrosion properties,
operational reliability, and service life.
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