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Abstract. The oil production process is often accompanied by various failures at oil production facilities, which leads to serious economic
losses. Failures in oil production systems not only increase repair and maintenance costs, but also lead to loss of productivity, which
has a negative impact on the economic efficiency of projects. A pipeline failure is considered to be its complete or partial shutdown
due to a violation of its tightness or tightness of the shut-off valves, or due to blockage of the flow section. The most common causes
of complications in oil production are: corrosion of oil and gas equipment, formation of asphalt-resin-paraffin deposits (ARPD) and
inorganic salt deposits on the working surface of oil and gas equipment. There are a large number of methods aimed at preventing each
of the previously mentioned complicating factors. It is noteworthy that the use of protective coatings can be a measure of prevention
of corrosion processes, ARPD, and inorganic salt deposits. This article will review the literature, which will consider what proper-
ties, composition and structure protective coatings should have to prevent corrosion, ARPD and salt deposits, as well as what testing
methods can be used to evaluate the ability of a protective coating to prevent these complicating factors.
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AnHoTayums. Tlpouecc usBnedeHnss He()TH YaCTO COMPOBOXKAACTCS PA3IMIHBIMH OTKa3aMH Ha 00beKTax He(TemTOOBIYH, YTO BEAET
K CepbhE3HBIM SKOHOMUUECKHUM MoTepsiM. OTKa3bl B CHCTEMaxX He(TeTOOBIMH HEe TOIBKO yBEINYUBAIOT 3aTPATHl HA PEMOHT U 00CITy-
JKMBaHKE, HO TAaKXKe MPHUBOIT K MOTEPE MPOU3BOJUTEIBHOCTH, YTO HETATUBHO CKa3bIBACTCS HA SKOHOMHYECKON 3 ()EKTHBHOCTH
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npoekToB. OTKa30M TpyOOIPOBO/A CIUTAETCS MOJIHAS WM YaCTHIHAS €0 OCTAHOBKA BCIICCTBHE HAPYIICHUS €r0 TepMETHIHOCTH
W TePMETUYHOCTH 3aIIOPHOM apMaTypsl, MO0 10 NMPUYMHE 3aKyIOpPKH IPOXOAHOro cedeHus. Hanbonee pacrnpocTpaHeHHBIMU
MPUYMHAMHA OCIIOKHEHHH B He(TenRo0bIue SBISIIOTCS KOPPo3us HedTera3oBoro odopynoBaHus 1 oOpa3oBaHue ac(haabToCMOJIONa-
pacdunoBBIX oTnOXKEeHHH (ACIIO) M HeOpraHMYECKHX COJNEOTIOKEHUH Ha pabodell MOBEPXHOCTU HE(TEra3oBOro 0O0OPYHOBAHUS.
Cpenn GOJIBIIOTO KOTMYIECTBA METOIOB, HATIPABICHHBIX HA IPEIOTBPAICHIE YKa3aHHbIX OCIOXKHSIOINX (haKTOPOB, BechbMa dhdek-
THUBHO IIPIMCHEHHE 3AIUTHBIX MOKPBITUH, KOTOPOE MOXKET SIBIATHCS MEpOi MPO(MIAKTUKH H KOPPO3HOHHEIX nporeccos, u ACIIO,
U HEOPTaHWYECKHUX COJICOTIOKEHHH. B HacTosmmiell crarbe mpoBeneH 0030p JIUTEPAaTypHBIX MCTOUYHHKOB: PACCMOTPEHO, KAaKHMMHU
METOZIaMH HCIIBITaHNI MOYKHO OLICHUTB CIOCOOHOCTH 3AIIUTHOTO ITOKPBITHS MPEJOTBPAIIATh BO3MOXKHBIC OCIOXKHSIOMNE (aKTOPHI.

KnioueBbie coBa: 3alUTHBIC TOKPBITHS, BHABI HMOKPBITHH, KOppo3us, ac(ansrocMoionapaguHOBbIE OTIOKEHHS, CONCOTIOKCHHUS,

METObI UCIIBITAHUSA HOKpBITHf/II

Ansa untuposanusa: I0nun [1.E. ®yHKIHOHAIBHBIC IOKPBITHS TOTPYKHOTO HEPTEITPOMBICIIOBOTO 000PYIOBAHUS IS 3aIIIUTHI OT KOP-
po3uu, achanbTocMoIonapagUHOBBIX U CONIEBBIX OTIOXeHU: O030p. H36ecmus 6y306. [lopowkosas memaniypeus u yHKYuoOHab-
note noxpomus. 2025;19(1):58-74. https://doi.org/10.17073/1997-308X-2025-1-58-74

Introduction

Oil and gas fields are gradually entering the late
stage of development, which is accompanied by
increasing complexity in operational processes [1; 2].
At this stage, the risks of equipment failures rise signif-
icantly due to a number of factors specific to this phase
of the field’s lifecycle. Various complicating factors act
jointly and interdependently at oilfields. However, each
well typically has one dominant complication type,
which serves as the primary cause of most failures.
The distribution of so-called complicated wells across
different production companies by their main compli-
cation type provides valuable insights into the scale and
actual prevalence of corrosion-related issues within
the industry.

The structure of complicated wells at LLC RN-Pur-
neftegaz includes only 18 % of wells prone to the for-
mation of asphalt-resin-paraffin deposits (ARPD), 13 %
of wells where failures are caused by salt deposits,
and only 6 % of wells where corrosion is the primary
complication. It is important to note that the number
of failures related to corrosion significantly decreased
only after the implementation of corrosion-resistant
pipes; however, it still remains high [3]. At Udmurtneft
PJSC, corrosion accounts for 39 % of well failures [4].
A substantial number (26 %) of Udmurtneft’s wells
are affected by ARPD, while 1 % of the wells expe-
rience complications due to inorganic salt deposits [4].
As of early 2022, the complicated well stock of PJSC
Lukoil included 14,271 wells, representing 45 %
of all operating artificial lift wells [5]. The structure
of Lukoil’s complicated well stock consists of 74.8 %
of wells affected by ARPD, 9.5 % by corrosion, and
3.8 % by inorganic salt deposits [5].

Corrosion is a fundamental issue in any industry
dealing with chemically active environments. In oil
and gas production, its consequences include the irre-
versible loss of pipe metal [6], costs associated with
equipment replacement, lost profits due to well down-

time during repairs, as well as expenses related to miti-
gating accident consequences and maintenance of cor-
rosion protection systems. All these factors increase
production costs and reduce field profitability.

Globally, corrosion results in substantial direct and
indirect financial losses [7-9]. In Russia, annual metal
losses due to corrosion amount to 12 % of the country’s
total metal reserves, which is equivalent to the same share
of the annual steel production. Approximately 10 million
tons out of the 70 million tons produced annually are lost
to corrosion, which translates into financial losses of USD
8 billion. Nationwide, 400,000-500,000 tons of steel are
used annually to replace various types of pipelines [6].

Complications associated with the formation
of ARPD [10-13] and inorganic salt deposits are no
less significant, as they lead to partial or complete
blockages of the internal pipe cross-section, resulting
in reduced production rates or even cessation of oil
extraction [14-16].

The most effective solution to combat these types
of complications today is the application of various
functional coatings — polymeric, ceramic, and metal-
lization — depending on the type of equipment being
protected [17].

This article reviews the application of various
functional coatings for oil and gas equipment aimed
at counteracting complicating factors.

Functional internal coatings
for tubing

Tubing (TBQ) is one of the key components of sub-
mersible oilfield equipment, susceptible to corrosion,
asphalt-resin-paraffin deposits (ARPD), and salt depo-
sits on its inner surface, which is in direct contact with
the extracted medium. The housings of submersible
electric motors (SEM) and electric submersible pumps
(ESP) are exposed to the extracted media from their
external surface. It should be noted that cases of contact
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between the medium and the external surface of tubing
are possible; however, on the one hand, such occur-
rences are rare, and on the other hand, the only avai-
lable method of protection against corrosion in such
cases is the use of alloyed corrosion-resistant steels.

Currently, there is no established classification sys-
tem for internal tubing corrosion protection methods.
Therefore, the author has proposed a classification
(Fig. 1) that summarizes various approaches — rang-
ing from traditional steel alloying to the development
of duplex coatings [18; 19], which combine sacrificial
and barrier properties.

Austenitic stainless steel tubing is not manufactured
due to its extremely high cost combined with relatively
low strength properties [20]. However, this class of steel
has found its application in the production of liners
(thin-walled internal metal tubes) used in bimetallic
pipes [21]. The installation of liners in production and
tubing pipes can be performed using several methods;
however, currently, only two methods have been
implemented in Russia [22-24]. In both cases, the first
step involves inserting a liner with a diameter smaller
than the internal diameter of the tubing. The liner is
secured by mechanical interference through roller
expansion [25] or by a hydraulic method [26]. In both
methods, the gap between the liner and the tubing is
eliminated, and the resulting interference fit ensures
a stable liner position under all permissible operational
loads. In large-diameter pipes (used for trunk oil and
gas pipelines), a metallurgical method is applied, form-
ing a diffusion transition zone between the metals.

Various austenitic stainless steels with different
chemical compositions can be used for this technology.

The most commonly used steels are AISI 304, being
the most cost-effective in this class; however, their cor-
rosion resistance is often insufficient for highly miner-
alized environments. In such cases, more highly alloyed
steels such as AISI 316, 316L, or 825 are required.

The advantages of this technology include the rela-
tively low cost of tubing with liners compared to pipes
made entirely from liner material; the ability to achieve
near-absolute corrosion resistance by selecting an
appropriate liner material; and the absence of tempera-
ture limitations typical for polymer coatings. However,
the disadvantages of this technology include higher
costs compared to low-alloy steel pipes, low effi-
ciency if the liner material is improperly selected, lack
of reliable methods for protecting the annular space
of couplings at pipe ends, and an increase in tubing
string weight by 8-11 %.

It is also important to highlight the risk of pitting
corrosion in austenitic steels when exposed to envi-
ronments with high chloride ion (CI") content. Fig. 2
shows an example of the operation of a tubular com-
ponent made from AISI 316 steel as part of a pipeline
transporting seawater. The corrosion rate of the com-
ponent was 12.8 mm/year. This phenomenon is most
likely to occur due to B-phase precipitation, such as
during cold plastic deformation. Before operating
in such environments, it is mandatory to conduct pit-
ting corrosion resistance testing in ferric chloride solu-
tion according to GOST 9.912-89.

Bimetallic pipes with an internal liner can be con-
sidered a specialized type of coated pipe, with the liner
serving as a protective barrier. The mechanism by
which the liner provides protection is similar to that

Methods for combating corrosion
of the inner surface of pipes

l

| A
Use of Creation
Corrosion-Resistant of barrier layers
Alloys using
(13Cr, 316L, etc.) various film-forming
or alloys materials

with enhanced
corrosion resistance
(13KhFA, OS5KhB,
etc.)

(lacquer coatings,
enamel coatings,
silicate-enamel
coatings)

Application Inhibitor
of electrochemical protection
protection methods

(sacrificial Bimetallic

protection) tubes (lining)

!

— metallization coatings
— intermetallic coatings

Comprehensive effect is provided by:

Fig. 1. Classification of methods for combating corrosion on the inner surface of tubing strings

Puc. 1. Knaccudukanus MeTooB 60ps0bI ¢ KOppo3Keil BHYTpEHHEH MOBEPXHOCTH HACOCHO-KOMITPECCOPHBIX TPYO
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of conventional coatings, resulting in comparable per-
formance requirements for both. Based on an analysis
of liner steel corrosion, manufacturing technologies, and
operational factors, GOST 70926-2023, “Tubing with
Internal Liner. Technical Specifications”, was deve-
loped under the author’s supervision. Pipes produced
in accordance with this standard have been in trouble-
free operation across Russia for more than three years.
Their use commenced even before the official publica-
tion of GOST 70926-2023, following the completion
of research and development activities that formed
the basis for the standard. Condition monitoring has
shown no signs of corrosion damage to the liner. The ser-
vice life of these pipes is primarily constrained by factors
such as length reduction due to repeated thread cutting,
external surface corrosion, and mechanical damage.

The most commonly used corrosion-resistant steels
are alloyed with chromium in concentrations of 13 %
or more. According to Schaeffler’s rule, their protec-
tion mechanism is based on the formation of a pas-
sive chromium oxide film on the surface, which is
resistant to interaction with corrosive gases dissolved
in the produced fluid. Traditionally, Cr13-grade steel
pipes are considered the benchmark for corrosion resis-
tance; however, their widespread adoption is limited
by their high cost. Certain factors significantly reduce
the service life of such pipes and lead to premature
failure, all of which are associated with the degrada-
tion of the passive layer. Since the produced fluid lacks

e - —p

C|Si|Mn[Cr|[Ni| S| P [Cu]|Mo
0.0310.51|1.77[16.819.19/0.05{0.01]0.43]1.80

Fig. 2. Longitudinal section of the tubular component wall
made of AISI 316 steel after 3 months of operation as part
of a seawater pipeline

Puc. 2. TIpoposbpHOE ceueHne CTEHKH TPYOUaToro u3aesust
n3 cranu AISI 316 mocne 3 MecsIeB SKCIITyaTally B COCTaBe
TpyOONPOBOZa MOPCKOW BOMIBI

oxygen, repassivation is not possible. The operational
limitations of Cr13-grade pipes include the following:
acid treatments, mechanical wear (including erosion),
and cable insulation failure. In the presence of hydro-
gen sulfide in the well and acid treatments, sulfide
stress corrosion cracking (SSCC) may occur [27; 28],
which is typical for low-alloy steels with a hardness
exceeding 22 HRC.

The term “steel with enhanced corrosion resistance”
was introduced in Russia in the mid-2000s. This class
includes steels alloyed with 0.5-1.0 % Cr, often with
the addition of niobium or vanadium to refine the grain
structure, as well as copper. However, according
to GOST 5272-50, these steels are classified as low-
alloy and are not considered corrosion-resistant (it is
worth noting that the later and currently relevant edi-
tion, GOST 5272-68, does not include a corrosion
resistance scale, nor is the term “steel with enhanced
corrosion resistance” mentioned in other regulatory
documents). The experience of their implementation
has been mixed, and given their relatively high cost,
they are not considered an optimal solution [29].

The optimal solution for protecting the inner surface
of tubing from complicating factors is the use of various
functional coatings [17; 30; 31]. Despite the wide vari-
ety of available coatings, in practice, only silicate-
enamel (SEC), polymer, and duplex (intermetallic
layer + polymer layer) coatings are commonly applied.

Silicate-enamel coatings are formed from a slurry
prepared using frits of MK-5 and MK-5U grades with
the following composition (wt. %): 0.5-3.5 AL,O;;
10.0-16.0 B,O;; 8.0-16.0 Na,O; 0.5-5.0 K,0;
2.0-5.0 Li,0; 2.0-8.0 CaO; 0.1-1.0 MgO; 3.0-6.0 TiO,;
0.5-5.0 MnO,; 0.3-2.0 NiO; 0.2-2.0 CuO; 0.3-1.5 CoO;
0.1-1.5 Fe,O;; and 0.5-4.0 F (in excess of 100 %).
The coating can be applied using either a liquid or pow-
der method, followed by firing at temperatures ranging
from 850 to 950 °C. During the firing process, gases
are released, which, upon cooling, result in the forma-
tion of porosity, often characterized by through-pores.

Despite their excellent resistance to ARPD forma-
tion, the use of tubing with silicate-enamel coatings
(SEC) in the oil and gas industry has been declining,
with the total volume not exceeding several thousand
tons as of 2024. This reduction is attributed to several
significant limitations:

— through-pore porosity in single-layer coatings
(Fig. 3), which leads to severe pitting corrosion beneath
the pores;

—high brittleness, which imposes restrictions on
mechanical impacts and thread tightening torque;
exceeding these limits can result in enamel chipping,
particularly in the nipple area at the pipe ends;
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— heat curing requirements at 850-950 °C, which
prevent the use of heat-treated steel pipes, as such tem-
peratures degrade their mechanical properties;

— higher costs compared to polymer coatings, pri-
marily due to the need for high-temperature processing.

Advancements in polymer coatings, particularly
the development of multifunctional coatings that com-
bine anti-corrosion properties with resistance to ARPD
formation, have largely negated the advantages of tub-
ing with silicate-enamel coatings.

At present, the primary method for protecting
the inner surface of tubing from complicating factors
is the application of polymer coatings [32-35]. Their
widespread adoption began in the early 2000s with
the emergence of manufacturers such as MajorPack
and Hilong. Although several production lines existed
in Russia before this period, their products were not
widely used. In the early stages of development,
various film-forming coatings were applied, such as
the polyurethane-based PolyPlex coating. However, it
demonstrated an extremely short service life (typically
less than 30 days), leading to its swift abandonment
within the industry.

Polymer coatings offer several advantages over
other protective methods against complicating factors.
They provide extended service life for equipment and
pipelines by protecting against corrosion and wear, sig-
nificantly prolonging operational lifespan and reduc-
ing repair and replacement costs. Maintenance costs
are also lower, as polymer coatings minimize the need
for frequent servicing and repairs. Additionally, they
enhance oil production and transportation efficiency by
reducing friction, preventing deposits such as ARPD
and inorganic salts, and improving thermal insulation,

Silicate-enamel
coating )

O

Fig. 3. Formation of pitting corrosion through the mechanism
of carbon dioxide corrosion in a silicate-enamel coating

Puc. 3. O6pa3oBaHue A3Bbl 110 MEXaHU3MY YIVICKHCIIOTHOM
KOPPO3UH B CUIIMKATHO-IMAJICBOM ITOKPBITHI

62

which leads to greater system performance. The risk
of failures is reduced, as effective corrosion and wear
protection helps prevent breakdowns associated with
equipment deterioration. Furthermore, polymer coa-
tings offer significant cost savings by extending service
life and decreasing maintenance and repair expenses.
Lastly, they provide environmental benefits by reduc-
ing emissions and leaks through improved corrosion
resistance and enhanced equipment protection [36; 37].

The classification of coatings used to protect
the inner surface of tubing is shown in Fig. 4.

There are several methods for applying internal
polymer coatings, with the most commonly used being
airless spraying and electrostatic application. The air-
less spraying method applies liquid coatings to the sur-
face without the use of an air stream. Instead, high pres-
sure forces the material through a nozzle, breaking it
into fine droplets that uniformly coat the surface. This
technique provides higher efficiency and better applica-
tion quality compared to conventional air spraying and
allows for the application of high-viscosity coatings
with 100 % solids content. Electrostatic application, on
the other hand, involves applying a layer of polymer
powder to the product’s surface using an electrostatic
field. In this process, the polymer particles are electri-
cally charged and attracted to the surface, which has an
opposite charge, ensuring a uniform and durable coat-
ing [38].

Initially, the effectiveness of internal coatings was
questioned, as early applications utilized cold-cured
epoxy resins based on Bisphenol A and epoxy novolac
resin in an approximate 2:1 ratio (Fig. 5). The fillers and
pigments commonly used in these coatings included
micronized barite (BaSO,), aerosil (fumed silica, SiO,),
titanium dioxide (TiO,), and tale (Mg,Si,0,,(OH),).
Their concentrations varied depending on the formula-
tion, but the total filler content typically did not exceed
50 %. These coatings exhibited relatively low glass
transition temperatures (usually below 60 °C), limited
chemical resistance, and restricted operating tempera-
ture ranges. They were applied using dual-component
airless spray systems.

The degradation of pipes with the aforementioned
type of coatings (Fig. 6), as evidenced by more than
40 expert studies conducted under the author’s supervi-
sion, highlights the low barrier properties of these coat-
ings. The service life before the onset of blistering and
delamination typically does not exceed 2-3 years for
field pipelines. The use of such coatings for tubing pro-
tection is viable only at relatively low temperatures (up
to 40 °C) and in cases where complications are limited
to ARPD. Even under these conditions, their service
life rarely exceeds 1 year.
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Inner Polymer Coatings
for Pipes

By curing
type

Non-thermosetting Thermosetting

By phisycal
state of the coating
layer
(polymer binder
molecular weight)

Liquide Powder

By number of layers

Two-layer Single-layer

Fig. 4. Classification of polymer coatings used to protect
the inner surface of tubing

Puc. 4. Knaccuuraiys moIuMepHBIX MOKPHITHIA,

MIPUMEHSIOIUXCA A7 3alUThl BHyTpeHHel nosepxnoctd HKT

Metall

BaSQ( Slow& ..
|
—

Coating

Fig. 5. Structure of a typical liquid non-thermosetting internal
epoxy coating for an oil pipeline

Puc. 5. CtpykTypa THITHYHOTO KMIKOTO HETEPMOOTBEPKAAEMOT0
BHYTPEHHETO SMOKCUAHOTO TOKPBITHS HE(YTEMPOBOAHOM TPyObI

The liquid thermosetting epoxy novolac coating (its
structure shown in Fig. 7) stands apart from other coa-
tings due to its higher concentration of novolac resin,
with an epoxy novolac resin to Bisphenol A-based resin

Blister cracking

Metall Coating

Blisters

Metall | 200 KM

Fig. 6. Degradation of liquid non-thermosetting internal epoxy coatings used in &426x8 mm oil collection manifold
at the Mamontovskoe field (¢) and @73%5.5 mm production tubing at the Krapivinskoe field (b)

Puc. 6. PazpymieHne »XUIKUX HETEPMOOTBEP KIAEMbIX BHYTPEHHHX SIIOKCHIHBIX MTOKPBITUH, SKCIITYaTHPOBABIIIXCS
B cocTaBe HepTecOOpHOTo KoJuteKTopa &426%8 MM MaMOHTOBCKOTO MECTOPOXKICHUS (@)
u nobwiBaromeit ckBaxkuuabl HKT @73%5,5 mm Kpanmeuackoro mectopoxaenust (b)
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ratio of >1:1, and the inclusion of a reactive diluent.
This diluent lowers the viscosity of the epoxy composi-
tion, facilitating easier processing while also participat-
ing in the curing reaction and becoming an integral part
of the polymer matrix. The application process is simi-
lar to that of non-thermosetting liquid epoxy coatings,
with the key difference being the requirement for an iso-
thermal curing hold at 180-200 °C for at least 20 min.

This type of coating is the most commonly used
for tubing protection, as it delivers the required per-
formance characteristics at relatively small thicknesses
(~150 um). It also enables the application of two-
layer coatings, allowing for formulation optimization
at smaller production facilities. The industry-wide use
of these coatings is estimated to be 85-90 %.

In the past three years, two-layer powder coatings
have been increasingly adopted, consisting of a primer
layer with a thickness of 540 pm and a top layer
of >350 um made from a powder composite material
(Fig. 8). The primer is a paint-and-lacquer material com-
posed of a blend of high-molecular-weight epoxy and
phenol-formaldehyde resins, butyl cellosolve, toluene,
and, in most cases, iron oxide pigment, which actively
reacts with hydrogen sulfide during operation or testing.
The powder coating is applied electrostatically to a pre-
heated surface at a temperature of 160-200 °C. Its com-
position includes high-molecular-weight epoxy resin
and a significant amount of fillers (up to 70 %), with
a composition similar to those described earlier. This
technology offers several advantages, including superior
barrier properties, lower costs compared to other pro-

Powder coating

Coating

BaSO,, TiO,, SiO,

50 um

Metal _

Fig. 7. Structure of a typical liquid thermosetting internal
epoxy coating for an oil pipeline

Puc. 7. CTpyKTypa TUIMYHOTO KHUAKOTO TEPMOOTBEPIKAAEMOrO
BHYTPEHHETO IIOKCUIHOTO MOKPHITHS HE(TEPOBOAHON TPYObI

tective methods, high process efficiency and maintain-
ability, and the ability to apply multifunctional coatings.

Additionally, the absence of solvent evaporation
during application makes this method more environ-
mentally friendly and safer for production workers,
which is why it is the only permitted option in most
countries. The production volume of tubing with
internal functional coatings is expected to exceed
100,000 tons by the end of 2024 (based on the weight
of @73%5.5 mm tubing) and continues to grow at a rate
of 8—12 % per year.

—
19 pm

v 7 pm
e

Primer

R

BaSO,, TiO,, SiO,

Metal

100 pm
—

Fig. 8. Structure of a typical two-layer powder coating with an epoxy-phenolic primer

Puc. 8. CtpyKTypa THITHYHOTO JIBYXCJIOHHOTO TIOPOLIKOBOTO MOKPBITHS € STIOKCH(EHOIBHBIM IPaiiMepoM
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A relatively new technological solution is the use
of duplex coatings, where the first layer consists
of thermodiffusion zinc (TDZ), forming Fe—Zn inter-
metallic compounds, followed by one or more polymer
layers [39]. These coatings demonstrate higher corro-
sion resistance in hydrogen sulfide-containing environ-
ments, as confirmed by laboratory autoclave exposure
tests conducted over 2352 h, compared to the standard
test duration of 240 h specified by GOST 58346-2019.
The test involved exposing samples with two types
of coatings in an autoclave under a partial gas pressure
of H,S — 1 MPa, N, — 9 MPa at a temperature of 80 °C.
The results showed the presence of iron sulfide
at the metal-coating interface in pipes without the TDZ
layer, whereas no corrosion products were detected on
duplex-coated pipes (Fig. 9). It should be noted that
the autoclave testing methods used in this experiment
and outlined in GOST 58346-2019 are based on previ-
ous research [40; 41]. The widespread adoption of auto-
clave testing methods has led to a significant increase
in the service life of tubing with internal coatings.
Although exact statistical data is not publicly available,
sources accessible to the author indicate that the ave-
rage service life has increased from 418 to 786 days.
However, the disadvantages of duplex coatings include
higher costs compared to conventional polymer-coated
pipes and the limited availability of reliable solutions
for protecting the external surface from corrosion.

A key trend in the development of tubing with inter-
nal coatings is the creation of multifunctional coatings
that combine anti-corrosion and anti-abrasion proper-
ties while also preventing ARPD and inorganic salt
deposition [42—45]. Until recently, advancements in
coating formulations and application technologies —
such as the introduction of non-thermal microwave

Polymer i ~
coating

.- -] s
R Infermetéllic‘corhpound " -

e R g

No corrosion products detected

500 um
—

Fig. 9. Surface condition of the metal-intermetallic layer (Fe—Zn)
after an autoclave test for 2352 h

Puc. 9. CocTosiHHE TOBEPXHOCTH «METaJUI-HHTEPMETAIIHIHBIN
cnoit (Fe—Zn)» mocine aBTOKIaBHOTO TecTa B TeueHue 2352 4

treatment [46] — were limited by the lack of standardi-
zed laboratory testing methods. The applicability
of each coating was primarily determined through field
pilot tests (FPT), which typically take about one year
to complete.

To address the challenge of simulating ARPD for-
mation under controlled conditions, two circulating
test benchs were developed and manufactured under
the author’s supervision [47; 48]. The test medium
used in these test benches is an oil emulsion samp-
led from wells affected by ARPD, further enriched
with deposits obtained during cleaning operations.
The design of the test benches allows for adjustments
in the composition of the test medium, flow rate,
medium temperature, and the external surface tem-
perature of the sample. The temperature difference
across the inner surface of tubing samples — used as
test specimens — facilitates the formation of deposits.
The capabilities of these benches cover a wide range
of well conditions, from low- to high-production wells,
with varying temperature regimes influencing ARPD
formation.

Research findings indicate that parameters such
as surface roughness, paraffin adhesion to a dry sur-
face, and the contact angle of distilled water on a dry
surface do not provide a reliable assessment of a sur-
face’s resistance to ARPD deposition. The laboratory
method for determining the contact angle by measuring
the spreading of an oil droplet in water on the coating
surface has shown the highest correlation with test
bench results [49]. The best ARPD resistance results
were demonstrated by hydrophilic surfaces; however,
they exhibited poor corrosion resistance. Therefore,
the use of multifunctional coatings or two-layer sys-
tems is required to achieve balanced performance.

Experimental studies have established a correlation
between ARPD deposition and flow rate (Reynolds
number), allowing for the ranking of coatings based on
their resistance to ARPD. Silicate-enamel coatings pro-
vide the highest resistance, followed by polymer coa-
tings, while bare steel samples show the lowest perfor-
mance (Fig. 10). The obtained results align with data
from field pilot tests and the operational performance
of these coating types across various oilfields.

Another important step in expanding the applica-
tion of functional polymer coatings was the develop-
ment of a test bench (Patent No. RU2825169C1) and
a methodology to evaluate the effectiveness of coa-
tings in preventing inorganic scale formation [50].
The goal of the test trials was to identify the coating
with the highest resistance to scaling under oilfield
conditions. The coatings’ resistance to scaling was
assessed based on the mass of inorganic scale formed
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on the outer surfaces of cylindrical samples and
the thickness of the resulting scale layer.

The results of the test trials evaluating the resis-
tance of coatings to gypsum-type (CaSO,) scale for-
mation with halite (NaCl) impurities were published
in [51]. It was found that none of the tested protec-
tive coatings could completely prevent the formation
of gypsum scale with halite impurities on their sur-
face. The study [51] also concluded that the adhesion
strength of the “scale—coating” interface does not play
a decisive role in the anti-scaling properties of protec-
tive coatings. The findings showed that scale depos-
its can form even on surfaces with minimal adhesion
strength. These deposits are capable of creating solid
structures with little to no interaction with the sur-
face. Further analysis in [52] compared the results
of the test trials [51] with the roughness parameters
of the tested protective coatings to evaluate the effect
of surface roughness on scaling. A certain correlation
was observed between the coating’s roughness index
and the mass of the scale layer formed on it. The steel
sample with the highest surface roughness exhibited
the most significant increase in the scale layer mass dur-
ing dynamic tests. However, the relationship between
surface roughness and scale formation mass was not
strictly linear [52].

Since studies [51] and [53] both found that none
of the examined coatings could completely prevent
scale formation, further research focused on assessing
the combined use of coatings with other preventive
methods. In study [54], laboratory-scale dynamic tests
were conducted to evaluate the feasibility of integrating
internal protective tubing coatings with scale inhibi-
tors. The findings showed that the combined approach
can provide the following benefits:

Re
2,504 5,007 10,014 12,518 20,028
60 T T T T T
50 \44
o 40 N i
g 30 + T —1
20 \ 2
b I —
0.5 1.0 2.0 2.5 4.0
v, m/s

Fig. 10. Dependence of asphaltene-resin-paraffin deposit mass
on the flow rate of the oil medium on various surfaces

1 - GIOTEK 110M, 2 - MPLAG17,
3 — silicate enamel MK-5, 4 — uncoated

Puc. 10. 3aBucumocts macce Boitiaaenus ACITIO ot ckopoctu
MOTOKA HE(TSIHOM CpeJibl Ha Pa3IUUHBIX TOBEPXHOCTSAX

1-TUOTDK 110M, 2 - MPLAG17,
3 — cunukatHo-sManieBoe MK-5, 4 — 6e3 mokpeITHS
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— coated surfaces had fewer crystallization centers
for inorganic scale deposits compared to uncoated steel
surfaces;

—during testing (with a scale inhibitor dosage
of 200 g/m?), the formed scale deposits detached more
readily from the coated samples [54].

Coating of SEM and ESP housings

Various corrosion protection methods are employed
to mitigate the corrosive impact and extend the service
life of submersible electric motors (SEM) and electric
submersible pumps (ESP). (Hereinafter, the discussion
will focus solely on SEM housings; however, all con-
clusions are equally applicable to ESP housings.) One
of the simplest and most cost-effective ways to enhance
the service life of SEM housings while reducing
exposure to aggressive factors under field conditions
is the application of metallization coatings. Among
the most widely used methods for applying such coa-
tings are electric arc spraying (EAS ) and high-velocity
oxy-fuel (HVOF) spraying [55—60].

An analysis of the causes of SEM and ESP housing
failures was conducted under the author’s supervision
in four oil-producing regions with various complicating
factors. The study revealed that corrosion of the SEM
housing is the most common cause of failure [61-63].
The examination of SEM housings with metalliza-
tion coatings applied using technologies implemented
at pipe bases after operation allowed the identification
of key causes of failure, including mechanical damage,
abrasive wear of the coating, low barrier properties,
and imperfections in the coating application techno-
logy (Fig. 11). Additionally, cases were identified
where multiple negative factors were simultaneously
present, making it impossible to determine the domi-
nant failure mechanism. In many cases, these factors
create a synergistic effect — for example, the simulta-
neous presence of a corrosive environment and abra-
sive particles results in corrosion-erosion wear, which
occurs at a significantly higher rate compared to either
corrosion or erosion alone [61].

The primary challenge in ensuring the operational
reliability of SEM housings was the development
of methodologies that simulate the effects of key com-
plicating factors and conducting laboratory tests on
various types of metallization coatings. The results,
summarized in [61], onfirm the feasibility of accu-
rately modeling the destructive impact of key comp-
licating factors through autoclave tests in H,S- and
CO,-containing environments [64; 65]. To determine
the corrosion resistance of metallization coatings,
samples must undergo autoclave exposure for 240 h.
Testing typically involves the combined exposure
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to aggressive gases (CO,, H,S). In order to isolate
the corrosion effects of individual system components,
tests can also be conducted in environments saturated
with only carbon dioxide or hydrogen sulfide. To pre-
vent decompression effects, pressure release must take
at least 10 min [64].

Electric arc spraying (EAS) was selected as the pri-
mary coating application method due to its high process
efficiency and equipment mobility. EAS coatings made
of stainless steel materials based on iron and nickel
were applied with a target thickness of 350-500 um.
The chemical composition of the metallization
coatings included various elements in specific
proportions (wt. %):

—Cr~6.6+14.5;Ni~4.4+8.4; Mo ~2.5;Si~2.0+3.7;
Fe — balance;

—Cr~13.0+16.0; Ni~ 7.3+9.8; Mo ~ 3.5; Si ~ 2.9+3.7;
Al ~ 1.0; Fe — balance;

—Cr~17.7+18.6; Ni~ 8.5+8.9; Ti ~ 0.6; Si ~ 0.5+0.7;
Fe — balance.

The physical and mechanical properties of EAS
coatings were found to be low due to significant poro-
sity and oxide layers between particles. Metallization

Metallization
coating

Coating peeling

250 pm
—

Metal

coatings applied using iron-based wires (Fig. 12, a)
without additional impregnation or an external poly-
mer layer proved to be ineffective against corrosive
environments. In contrast, nickel-based wire coatings
(Fig. 12, b) demonstrated resistance in acidic environ-
ments but lacked sufficient protection against CO,- and
H,S-saturated conditions, indicating their inability
to provide long-term protection. To reduce particle oxi-
dation during spraying, an argon protective atmosphere
was used (Fig. 12, ¢, d), which resulted in a 55 %
improvement in physical and mechanical properties
compared to coatings applied in open air; however,
corrosion resistance remained unsatisfactory [66].

Impregnation materials are commonly used to seal
coating pores [67; 68]. The study utilized polymer-
based impregnating materials, including epoxy-phe-
nolic, acrylic, and polytetrafluoroethylene composi-
tions with thicknesses of 70—150 pm. The application
of impregnation materials improved the corrosion
resistance of the metallization layer; however, even
minor damage to the impregnated coating on iron-
based layers resulted in rapid degradation. Therefore,
the use of iron-based coatings with impregnation was
deemed impractical.

Metallization
coating

-y L

Length: 1

- - - oy
01.6 pm Length: 2162 um *

Corrosion products

250 um
—

Metal

Fig. 11. External view of the SEM housing with peeling and blistering of the metallization coating (a);
destruction in the form of swelling of the coating (b); formation of corrosion products at the site of local damage to the coating (c)

Puc. 11. Bueurauii Buz xopiyca [19]] ¢ oTCI0CHHAME U B3AYTUAME METAJUTN3AIMOHHOTO TIOKPHITUS (a);
paspylieHHe B BUJE B3Iy THs OKpbITHs (b); 00pa3oBaHKE POIYKTOB KOPPO3HH B MECTE JIOKAIBHOTO MTOBPEKICHHS TOKPBITHS (C)
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100 um - 100 um

A R e TR N : - i
100 pm 100 pm
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Fig. 12. Microstructure of the coating

a — EDM, iron-based wire; b — EDM, nickel-based wire; ¢ — EDM in an argon environment, iron-based wire;
d — EDM in an argon environment, nickel-based wire; e — ADM, iron-based wire; f— VSGPN, self-fluxing nickel-based powder;
g — VSGPN, tungsten carbide powder in a cobalt matrix; # — EDM, nickel-based wire impregnated with epoxy-novolac resin

Puc. 12. MuKpoCTpYyKTYpPbI Pa3IMUHbIX TOKPBITHI

a — DJIM, npoBoJIoKa Ha OCHOBE xkene3a; b — IIM, npoBoJIOKa Ha OCHOBE HUKEJIS;
¢ —DJIM B cpenie aprona, IpoBOJIOKa Ha OCHOBE xkele3a; d — DJIM B cpeze aprosa, IpoBOJIOKA Ha OCHOBE HUKEJIS;
e — AJIM, npoBoioka Ha ocHOBe keine3a; f— BCI'TIH, camodurocyromuiicst IOpOIIOK Ha OCHOBE HUKEIIS;
g — BCI'TIH, nopomok Ha 0cHOBe KapOuaa Bonb(ppama B KOOAIETOBON MaTpHIIE;
h — 3]IM, 1poBOIOKa Ha OCHOBE HHUKEJIS C IPOIUTKOIT Ha OCHOBE IIOKCHHOBOJIAYHON CMOJIBI
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To increase the spraying flame temperature and
achieve greater particle melting, activated arc spray-
ing (AAS) was employed in a propane-air environ-
ment [69]. The use of AAS with iron-based wires
improved the physical and mechanical properties
of the coating (Fig. 12, e¢). However, due to the com-
bustion of the propane-air mixture during application,
the metallization layer still contained oxide layers that
were not resistant to aggressive environments, making
AAS coatings unsuitable in their pure form. The appli-
cation of an epoxy novolac resin-based impregna-
tion helped to limit the access of corrosive media
to the metallization layer, thus preventing its destruc-
tion. However, in areas with artificially introduced
defects such as “scratches”, the metallization layer
deteriorated, and corrosion products were observed on
the substrate.

Using high-velocity oxy-fuel (HVOF) spraying, self-
fluxing powder materials based on nickel (Fig. 12, /)
and tungsten carbide in a cobalt matrix (Fig. 12, g)
were applied with a thickness of 300-350 um. These
coatings demonstrated high physical and mechanical
properties and sufficient resistance to corrosive envi-
ronments. The HVOF-applied layer exhibited higher
density with fewer oxide films between particles, which
was achieved due to the higher particle velocity and
shorter exposure time to the gas-oxidizing environment
compared to EAS. The use of tungsten carbide-based
powder materials provided coatings with excellent
hardness and wear resistance; however, high porosity
allowed aggressive media to penetrate and lead to sub-
strate degradation.

Based on the results of the conducted studies,
the following conditions were found to provide satis-
factory outcomes:

—a nickel-based metallization layer contai-
ning ~18 % chromium and ~13 % molybdenum,
applied using EAS, followed by impregnation with
an epoxy novolac resin composition with a thickness
of 70-150 pm;

—a nickel-based self-fluxing powder metalliza-
tion layer containing ~16 % chromium, applied using
HVOF spraying.

It is noteworthy that with comparable properties,
the cost of the HVOF-applied coating is lower than that
of EAS.

Conclusion

The introduction of anti-corrosion coatings for
protecting submersible equipment used in oil produc-
tion, particularly the inner surface of tubing, began
in the late 1990s with the adoption of polymer coat-

ings. The extension of service life was accompanied
by advancements in coating formulations, transition-
ing from Bisphenol A-based epoxy resins to epoxy
novolac resins, as well as improvements in application
methods. These developments led to the introduc-
tion of thermal curing at temperatures of 170-200 °C.
A significant milestone in this evolution was the deve-
lopment of two-layer systems that combined high bar-
rier properties with resistance to ARPD and inorganic
salt deposition. Currently, manufacturers of protective
coatings face the challenge of developing multifunc-
tional single-layer coatings that combine these protec-
tive capabilities.

At the same time, continuous improvements have
been made to the composition and structure of metal-
lization coatings. Traditional coatings applied using
EAS with iron-based wires — characterized by overall
porosity levels of up to 10 % and the presence of oxide
films along particle boundaries — failed to provide ade-
quate barrier protection. This resulted in the formation
of corrosion products at the metal-coating interface,
leading to rapid deterioration. Two parallel approaches
have been pursued to enhance the operational relia-
bility of such coatings: developing high-temperature
polymer impregnations to seal porosity in the upper
layers, and adopting HVOF spraying technology,
which enables the production of non-porous, high-alloy
corrosion-resistant coatings. While the scientific basis
for these methods has been established, their full-scale
implementation at production facilities is still required,
along with efforts to replace imported components with
domestically produced alternatives.
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