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Abstract. Corrosion is one of the primary causes of failure in oil and gas equipment, affecting not only its service life but also opera-
tional safety. In the Russian Federation, crude-oil production is increasingly complicated by the high water content of produced
fluids, which significantly accelerates corrosion processes. The use of internal polymer coatings in pipelines partly mitigates this
problem; however, the proportion of corrosion-related failures remains high. Effective protection of oil pipelines using polymer
coatings requires a clear understanding of their degradation mechanisms, including under conditions that closely approximate
field operation. Such understanding enables the development of effective solutions that help maintain the operating stock of oil
wells in serviceable condition. This work summarizes the principal mechanisms of degradation of polymer coatings on metallic
surfaces, including under exposure to aggressive environments. The key factors governing coating failure in oil pipelines are iden-
tified: diffusion and absorption of water molecules within the polymer matrix; disruption of molecular interactions in the polymer
network; delamination due to loss of adhesion between the coating and the metal; interfacial corrosion; cathodic delamination;
blister formation; and erosion-driven damage. The study presents results of the examination of various epoxy—novolac-based
anticorrosion coatings removed from pipelines after field service and provides representative images of coatings at different degra-
dation stages. The aim of the work was to consolidate current knowledge on the degradation mechanisms of polymer coatings
on metals under diverse conditions and to refine the staged description of coating degradation in oil pipelines.
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AnHoTayums. Kopposust siBIIsieTcsl OHOM U3 TIIABHBIX NPUYMH BBIXOJA M3 CTPOs HedTerazoBoro 006opynoBaHus. [IoMuMo yMEHBIICHUS

€ro cpoka ciry)kObl, OHa OKa3bIBAaeT BIHMSHHE Ha OE30MAaCHOCTD MPU €ro JKCIUTyaTaluu. B HacTosiee Bpems 100bua Hept B PO
OCIIO’)KHEHa OOBOJHEHHOCTHIO CKBAXKMHHOW MPOAYKIUH, YTO B 3HAYMTEIBHON CTENEHH MHTEHCHQHIMPYET MPOIECCH KOPPO3HH.
[MpumMeHeHVe BHYTPEHHUX MOJMMEPHBIX IMOKPBITHI TPyOOIIPOBOIOB YaCTUYHO PEMIAeT JAHHYIO MpOOIeMy, OJHAKO IO OTKA30B,
CBSI3aHHBIX C KOPPO3HUEH, 10 CHX MOP OCTACTCS HA BBHICOKOM ypoBHE. JIist 3 PEeKTHBHON MPOTEKTOPHOM 3aIIUThl HE(PTESITPOBOIOB
C UCTIOIB30BAHIEM MOIUMEPHBIX MTOKPBHITHI HEOOXOAMMO TIOHUMAaHNE MEXAHM3MOB HX Pa3pyLIEHUs, B TOM YHCIIE B MPUOIIKEHHBIX
K peasIbHBIM yCIIOBHSAX 3KCILTyaTallH. JTO MO3BOIUT HAXOAUTH Y(P(heKTUBHBIE PEIIeHH s, CTIOCOOCTBYIOIINE ITOICP/KaHUIO HKCILTY-
aTalMoOHHOTO (hoH/A HETSIHBIX CKBAKHH B pabOTOCIOCOOHOM COCTOSHMU. B HacTosiel paboTe omucaHbl OCHOBHBIE MEXaHU3MBI
Ppa3pymIeHuUs TOTUMEPHBIX MOKPBITUH HAa METAJUTHYECKUX MOBEPXHOCTSIX, B TOM UUCIIE ITPU MX SKCIITyaTaI[1 B arPECCUBHBIX CPEaX.
BrineneHsl 0cHOBHBIE (haKTOpBI, 00YCIAaBIMBAIONINE pa3pyIICHHE TOKPHITHH HedTenpoBonos: auddy3us n abcopOus MoJIeKya
BOJIbI BHYTPH MOJIMMEPHOH MaTPHIIbI; HApyIICHUE CBSI3eH BHYTPH IOJMMEPHOM CETH MOKPHITUS; OTCIOCHUE MOKPHITUIT H3-32 TIOTEPU
aJre3uy MeXly HUM M METauioM; MexdasHas Koppo3usi; KaTOIHOE OTCIOCHHUE; 00pa30BaHKE Iy3bIpeil; SpO3HOHHBIE MPOIECCHI.
[TpuBeneHsI pe3ynbTaThl HCCIEAOBAHUS PA3INYHBIX AHTHKOPPO3HOHHBIX MOKPBITHI HE(QTETPOBOOB Ha STIOKCHHOBOJIAYHOI OCHOBE
MOCJIe HKCILTyaTalluy Ha MecTopokaeHusIX. [IpogeMoHcTprupoBaHbEl H300paskeHUS TIOKPBITHI Ha PA3IMYHBIX JTANax pa3pylICHHs.
Llenb paboThI 3aKiIr04aIach B 0000IEHUH MEXaHN3MOB Pa3pyLICHUsI OJMMEPHBIX MOKPBITHII Ha MEeTaJUIaX B Pa3IMYHBIX YCIOBHUSIX

U YTOYHEHUH CTaANHHOCTH pa3pylIeHHs TOKPBITHI HEPTEMPOBOIOB.

KnroueBbie cnioBa: koppo3usi, 3po3usi, HOIUMEPHbIC MOKPHITUS, BHYTPEHHHE aHTHKOppo3uoHHbIe nokpbitus (BAKII), HedTenpoBoibl,
HacocHo-koMnpeccopusie Tpyos! (HKT), tuddysus, nerpagamus, paccioeHue
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Introduction

All polymers are, in principle, permeable to well
fluids encountered during oil production, and this per-
meability ultimately results in corrosion and delamina-
tion of internal polymer coatings (IPCs) used in oilfield
pipelines [1]. The permeability of water, oxygen, and
electrolyte ions through the coating is a fundamental
characteristic governing the progression of coating
degradation and the subsequent corrosion of pipeline
steel [2]. The failure mechanism of IPCs includes:

« ingress of water and ions into the coating, where
water diffuses through the polymer matrix and initiates
changes in its properties;

e chemical degradation of the polymer molecular
structure, in which water cleaves reactive sites within
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the epoxy network, causing hydrolysis-induced chain
scission;

s accumulation of water within micropores
of the coating, forming pathways for ion transport
and ultimately leading to coating delamination from
the metal surface [2].

Water absorption (hydration) within epoxy coatings
is one of the primary causes of failure in pipeline coa-
ting systems [3].The uptake of water softens and plas-
ticizes the polymer network, promotes blister forma-
tion, cracking, and localized delamination of the epoxy
layer. During prolonged exposure to water and aggres-
sive chemical species, water molecules displace
polar interfacial bonds between the coating and steel,
weakening adhesion. Underfilm corrosion represents
the final stage of degradation, where the combined
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effects of adhesion loss and osmotic pressure cause
cracking and delamination, resulting in coating failure
and a substantial reduction in pipeline service life [3].

The corrosion process is governed by anodic
and cathodic reactions at the metal-polymer inter-
face [4; 5]. Cathodic reactions at the metal surface
generate hydroxide ions, producing a highly alkaline
environment [6; 7] that can raise the local pH to values
above 14 beneath the coating near the delamination
front [7]. Cathodic delamination may therefore arise
from:

— electrochemical reduction of the oxide layer [8];

— alkaline hydrolysis [9] or electrochemical degra-
dation [10] of the interfacial polymer region respon-
sible for adhesion;

— alkaline breakdown of interfacial bonds [8].

The interfacial polymer layer is also degraded by
free radicals generated through Fenton-type reactions
involving Fe*" and H,0, or organic peroxides [11; 12].
These peroxide intermediates form during oxygen
reduction and react with iron cations in the electro-
lyte near the metal-polymer interface. Radical-driven
degradation weakens interfacial adhesion and accele-
rates delamination [11;12]. Cathodic polarization
additionally promotes molecular hydrogen evolution
at the metal surface [13; 14]. The evolution of molecu-
lar hydrogen gas at the metal-polymer interface can
generate high interfacial pressures and additional
mechanical stresses within the delamination zone.
This effect is supported by the established correlation
between the electrolytic hydrogen uptake current in
the metal and the rate of cathodic delamination [13].

This review summarizes the general mechanisms
of polymer-coating degradation on metallic surfaces
in atmospheric environments or ionized water — where
oxygen acts as the primary corrosive agent. It further
examines the behavior of internal anti-corrosion coa-
tings used in gathering pipelines, water lines, and
tubing strings, and presents an updated staging model
for IPC degradation in oil pipelines.

Cathodic delamination
of coatings

A schematic representation of cathodic delamina-
tion is presented in [15] (Fig. 1), based on an experi-
mental study of the degradation of a polybutadiene
coating on steel exposed to a 0.5 M NaCl solution
under a cathodic potential of —1.5 V for 1000 h [8].
At the edge of the delaminated region, a pronounced
decrease in oxide-film thickness was observed com-
pared with the central area [8]. The increase in
pH at the delamination front promotes dissolution
of the oxide layer; however, as the interfacial gap
(the distance between the metal surface and the lifted
coating) increases, the pH gradually decreases and
the oxide layer thickensagain.

X-ray photoelectron spectroscopy (XPS) analy-
sis [8] within the delaminated region revealed a metal-
lic surface beneath the coating that was essentially free
of oxide. According to the authors, this indicates that
the surface oxide layer undergoes either reduction or
dissolution. This process results in intraphase degrada-
tion of interfacial bonds and leads to interfacial sepa-
ration along the metal/oxide boundary, with the oxide
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Fig. 1. Schematic representation of the processes occurring in a defective polymer coating
and leading to cathodic delamination of the coating [15]

a — processes within the defect and beneath the delaminated coating; b — processes within the defect and beneath the delaminated coating,
with detailed representation of the metal-polymer interface and the delamination zone

Puc. 1. Cxema npo1eccoB, NPOTEKAINIMX B A¢(EKTHOM ITOIMMEPHOM MOKPBITHH M IPUBOJSIINX
K KaTOJHOMY OTCJIOCHHIO OKPBITHSA [15]

a — IIPOoLECChI B I[C(beKTC U 1101 OTCJIOUBIIUMCS ITOKPBITHEM b— IIpOLIECChI B ae(beKTe U 110 OTCJIOUBIIUMCS ITOKPBITUEM
¢ JeTanu3anuen TpaHuIbl pa3aciia METAJUI-TIOJUMED U 30HbI OTCIOCHUS IIOKPBITUSA
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layer being removed together with the delamina-
ted coating. Outside the interfacial separation zone,
the coating detaches cleanly from the metal substrate
without cohesive damage [8].

Anodic corrosion

Filiform corrosion, a form of anodic underfilm cor-
rosion, has been observed on metals with polymer coa-
tings exposed to a humid atmosphere, the aggressive-
ness of which is enhanced by artificial or natural con-
taminants such as sulfur dioxide or chlorides [16; 17].
This type of corrosion (Fig.2) typically initiates at
discontinuities in regions containing porosity and
voids, mechanical defects, or areas of reduced coating
thickness. Filiform corrosion is characterized by linear
propagation paths, where local accumulation of water
at the metal/coating interface triggers electrochemi-
cal processes [18; 19]. Localized anodic reactions
on the steel are coupled with oxygen reduction, which
in turn promotes cathodic degradation of adhesion
at the interface.

Diffusion of reactants
through polymer coatings

Fig. 3 illustrates the stages of coating delamination
under high hydrostatic pressure as proposed in [20].
In an epoxy-varnish coating, the applied pressure sig-
nificantly accelerates the diffusion of water toward
the coating—substrate interface and leads to the forma-
tion of numerous small, water-filled blisters.

One of the most important degradation mechanisms
is coating aging, which results in a loss of barrier per-
formance and deterioration of mechanical properties.
Aging occurs under the combined influence of elevated

------- d Rust
electrolyte

Coating \
‘i-

FeCl, >
Anode Fe 0, +2H,0 — 40H
cathode

Fig. 2. Schematic representation of anodic delamination
driven by corrosion, and the potential distribution along
the metal—coating interface [16]

Puc. 2. CxemMa aHOTHOTO OTCJIOCHHUS TIOKPBITUS
1071 BO3/IeiicTBUEM KOPPO3UU U paclpeiesieHue OTeHIata
BJI0JIb TPAHULIBI OCHOBBI M HOKPBITHS [16]

68

temperature, chemically aggressive species, pressure,
and mechanical loading [21]. Another critical failure
mechanism is blister formation during decompres-
sion. As described in [21], gases penetrate the pores
of the material at high pressure; when the pressure is
rapidly reduced, the dissolved gases expand, genera-
ting blisters within the coating and causing its failure
(Fig. 4, a). Corrosion also develops at sites where
the coating is mechanically damaged (Fig. 4, b). In such
cases, the base metal of the pipe is directly exposed
to the aggressive environment, leading to active cor-
rosion. When defects are present, the rate of corrosion
progresses with similar intensity regardless of the coat-
ing type [21].

The authors of [22] nvestigated the effect of pro-
longed exposure (85 weeks) to hot water at 65 °C on
epoxy powder barrier coatings used to protect metallic
surfaces, including components of oil and gas equip-
ment. It was shown that degradation of the coating
begins after only 8 weeks, while oxidation of the sub-
strate becomes noticeable after 182 days. Adhesion-
strength measurements demonstrated that the bonding
strength of the coatings decreases rapidly due to water-
induced plasticization, but subsequently exhibits
a slight recovery attributed to secondary crosslinking
of the epoxy network [22].

A study presented in [23] examined the degradation
mechanisms of coatings based on amine-cured epoxy
novolac (EN) and bisphenol-F (BPF) resins under

Pore channel 4ﬁ ]

Coating —
Steel

‘

Water

Blister

Corrosion ) "

¢ )

Fig. 3. Schematic representation of the coating-failure process
under high hydrostatic pressure [20]

Puc. 3. Cxemarnieckoe H300pakeHue mporecca pa3pyeHust
MTOKPBITHIA TIOJT BBICOKHM THAPOCTaTHUCCKUM JapieHueM [20]
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Fig. 4. Coating failure after corrosion autoclave testing [21]

a — blister formation caused by insufficient film thickness;
b — corrosion developing in a damaged coating

Puc. 4. Pazpy1ieHne MOKPBITHS OCIIE KOPPO3HOHHBIX
ABTOKJIABHBIX MCIIBITAHUH [21]

a — obpazoBaHNUE Iy3bIPEil H3-3a MaJIOH TONIIMHBI TICHKH;
b — KOppO3Hs B MOBPEXKIACHHOM TTOKPBITHI

high-pressure, high-temperature (HPHT) conditions.
The coatings were subjected to autoclave testing. It was
established that the degradation mechanisms of EN and
BPF protective coatings under HPHT conditions are
governed by the combined action of gas, hydrocarbon,
and aqueous phases and their joint effects on the poly-
mer structure and the substrate. In the gas phase, con-
sisting of nitrogen and carbon dioxide, the coatings
remain unchanged because no significant interaction or
physical damage occurs. However, contact of the coa-
ting surface with hydrocarbons (p-xylene) results in
solvent diffusion into the polymer matrix, which
increases the free volume within the coating layer.
Fig. 5 illustrates the mechanisms of coating degrada-
tion under HPHT exposure to p-xylene during auto-
clave conditioning, as well as during pressure release
under decompression [23].

The study reported in [24], which involved simulta-
neous exposure to three phases (a gas phase, a hydro-
carbon liquid phase, and mineralized water), investi-
gated the influence of carbon dioxide (CO,) present
in the gas phase under HPHT conditions on the deg-
radation of amine-cured epoxy novolac (EN) coatings.
It was established that the combined action of the gas,
hydrocarbon, and aqueous phases deteriorates the coa-
ting performance and leads to underfilm corrosion.
When each phase was applied separately under low-
pressure conditions, the EN network remained intact
and essentially impermeable. However, in regions
exposed to hydrocarbons, the joint action of p-xylene
and CO, at elevated pressure and temperature causes

2+ .
% Fc iones

W Water as electrolyte

O Pores generated

by PX diffusion
- HC-GP sub zone
el s —
. HC-SW sub zone
CO, +PX +SW AtRGD
interaction at HPHT

Fig. 5. Water ingress through the coating toward the metal
and the migration route of iron ions toward the coating surface
during decompression-driven pressure release [23]

Puc. 5. [IpoHUKHOBEHUE BOJIBI Yepe3 MOKPBITUE K METAILTY
U TIyTh NOHOB eJie3a K TOBEPXHOCTHU MOKPBITUS
MIPU JICKOMIIPECCHOHHOM cOpoce aaBieHust [23]

areduction in the glass-transition temperature, followed
by softening of the EN network. This softening allows
dissolved CO, to diffuse into the EN structure, forming
microscopic voids at the coating surface (Fig. 6).

Comparative autoclave tests under high-pressure,
high-temperature (HPHT) conditions were carried out
in [25] or epoxy-siloxane hybrid coatings. These coa-
tings were shown to outperform EN-based systems,
which soften upon exposure to hydrocarbons (such as
p-xylene), resulting in a reduction in glass-transition
temperature and an accelerated diffusion of gases and
ions.

The long polymer chains in siloxane-based coa-
tings (EN-EPDMS) promote the uptake of water mole-
cules, especially under high pressure. Such coatings
tend to form unruptured blisters during rapid pres-
sure release. In contrast, the coating modified with
the short-chain 3-glycidyloxypropyltrimethoxysilane
(EN-GPTMS) exhibited high resistance to decompres-
sion (Fig. 7).

Under the assumption that the coating remains intact
and free of defects or inclusions, it can therefore be
concluded that the primary initiating factor for coating
degradation and the onset of corrosion is the diffusion
of reactive species through the polymer layer (Fig. 8).

However, as noted by the authors of the review [26],
many open questions remain regarding the swelling
behavior of polymers and the complexity of describing
diffusion processes that deviate from ideal Fickian dif-
fusion (Fick’s second law), among other issues (Fig. 9).

Overall, the degradation of a polymer coating is
governed by the following processes and/or their
combination.

* Diffusion and absorption of water molecules
within the polymer matrix. These processes are influ-
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Metall
substrate

EN coating

/ Exposure to

| HPHT conditions

\ —_—

HPHT underground pipeline

EN coating
Presence of CO, ’ S '
ubstrate

Underfilm corrosion

EN coating

Absence of CO, Sub
ubstrate

Blister formation but
no underfilm corrosion

Fig. 6. Mechanisms by which the hydrocarbon and aqueous phases affect an epoxy—novolac coating under high-pressure,
high-temperature conditions, in the presence and absence of carbon dioxide in the system [24]

Puc. 6. Mexann3Mbl BO3EHCTBUS yITIEBOIOPOIHOM M BOAHOM (ha3 Ha STIOKCHTHO-HOBOJIAYHOE MOKPBITHE B YCIOBHSIX
BBICOKHMX JIaBJICHUH M TEMIIEpaTyp MPU HAJTMYUK YIIIEKHUCIIOTO Ta3a B cCHCTeMe U Oe3 Hero [24]

enced by surface topography, polymer structure, and
environmental conditions. Free volume and micro-
cracks within the coating structure provide pathways
for the diffusion of water molecules, which may fol-
low Fickian, non-Fickian, and/or capillary diffusion
regimes. As they move from the external coating sur-
face toward the coating/metal interface, water mole-
cules may either migrate freely or interact with polar
segments of the polymer network. Water absorption by
the polymer leads to structural instability of the poly-
mer network (plasticization), promoting volumet-
ric expansion, interfacial separation, and erosion
of the coating [27-30].

* Disruption of van der Waals and hydrogen bonds
within the polymer network as a result of interac-

N ) EN-EPDMS hybrid system
Long chain EPDMS

tions between water molecules and polar segments
of the polymer chain, which causes anisotropic expan-
sion of the network. These volumetric changes and
the associated stresses can irreversibly alter the coating
microstructure, leading to the initiation and/or growth
of microcracks within the coating and at the coating/
metal interface [31-34].

» Fragmentation of polymer chains due to hydro-
lytic degradation of coatings containing hydrolysable
bonds. In addition to hydrolysis of the polymer matrix,
dissolution of coating components (such as pigments
and additives) may occur, resulting in mass loss and
structural changes. The hydrolysis process can further
accelerate polymer degradation by altering the local
pH in regions surrounding the reactive sites [35-37].

EN-GPTMS hybri 1
SETNES hybrid system Short chain GPTMS

Crosslinking between epoxy
of EPDMS and amine
from the curing agent

mbhla

Crosslinking between epoxy
of GPTMS and amine
from the curing agent

=bdla

Amine-cured epoxy

Amine-cured epoxy

novolac crosslinking Metall substrate

-Lila
-rrr-

novolac crosslinking

Entapped water f&‘

molecules at the HC-SW :'_: 1
zone after HPHT exposure

Resulting in

/l\ l On HPHT exposure

[N
g e e e

edatalal

No water penetration
observed at the HC-SW
zone after HPHT exposure

formation of blisters

Metall substrate

Fig. 7. Schematic illustration of crosslinking in EN-EPDMS and EN-GPTMS coatings before and after HPHT exposure [25]

The long and flexible EN-EPDMS chains exhibit trapped water molecules in the HC—SW region, which leads to the formation of unruptured blisters.
By contrast, the short-chain, EN-GPTMS—crosslinked network shows no detectable changes under high-pressure, high-temperature exposure

Puc. 7. Cxemarnueckas wiuntoctpanus ciusanusi EN-EPDMS n EN-GPTMS no u nocne Bo3zaeiictus HPHT [25]

Jlmnnas u rudkas nens EN-EPDMS nemoHCTpHpYeT 3axBadeHHbIe MOIEKYIbI Boxsl B 30He HC—SW, uto mpuBoaut
K 00pa30BaHUIO HEJIOMHYBINHX ITy3bIpeit. Hamporus, kopoTkas nens B EN-GPTMS cmmToil cTpyKType He MOKa3bIBaeT HUKAKUX H3MEHEHHUIT
TIPU BO3/IEHCTBUN BBICOKHX JABIECHUN U TEMIIEPATyp
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Fig. 8. Schematic illustration of changes in water uptake in polymer coatings as a function of exposure time [18]

Puc. 8. Cxemaruueckas WITIOCTpanys U3SMEHEHUS BOAOIIOIIONUICHUS B ITOJIMMEPHBIX IMMOKPBITUAX C TCHCHUEM BPEMEHU [18]

Rearrangements
of chemical chains

Changes
) of physical structure

‘What in the ideal process ‘What happens to water
of water diffusing in polymer? in polymer?

What are the main factor
governing the delamination?

Fig. 9. Schematic representation of water diffusion through a polymer layer toward the metallic surface
and the associated unresolved questions [26]

Puc. 9. Cxema nuddy3nu Bojbl 4epes ciIoii moauMepa K MeTaUTHYeCKON MOBEPXHOCTH M CBSI3aHHBIE C 3THM BOIPOCHI [26]
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¢ Delamination associated with loss of adhesion,
driven by damage to molecular bonds between the coa-
ting and the metal, disruption of thermodynamic equi-
librium at the metal-polymer interface, and the break-
down of mechanical interlocking and/or the develop-
ment of osmotic pressure. Delamination is initiated by
the permeation of water molecules through the coating
to the metallic substrate, thereby compromising coa-
ting integrity and accelerating adhesion loss. Typically,
delamination is preceded by plasticization and swell-
ing of the coating, as well as changes in interfacial
chemistry [38—41].

e Interfacial delamination caused by corrosion at
the metal—coating interface. Variations in pH within
the interfacial region disturb the thermodynamic equi-
librium established by Lewis acid-base interactions,
thereby reducing adhesion strength [18]. Corrosion
at the metal/coating interface disrupts mechanical
interlocking between the coating and the metallic
substrate, further weakening adhesion. The accu-
mulation of corrosion products in the interfacial gap
generates mechanical stresses due to expansive forces
(for example, the formation and growth of rust) [42].
Moreover, the hygroscopic nature of rust enhances
moisture uptake, leading to dimensional changes and
additional mechanical stresses within the coating.
These stresses promote interfacial separation and
cracking. Lateral expansion of the separated coating
region, caused by growth of corrosion products, can
also lead to blister formation [43].

 Cathodic delamination of polymer coatings, which
is driven by the alkaline environment generated by
cathodic reactions at the metal-polymer interface. As
a result, the thermodynamic equilibrium at the inter-
face is disrupted: alkaline species dissolve the thin

N

TR

AT LS

Rotameter

i

oxide layer on the metal and induce chemical degrada-
tion of the polymer via alkaline hydrolysis and reactive
intermediates. This process also promotes substrate
corrosion by disturbing the local charge balance and
facilitating the transport of charged species. Ultimately,
these mechanisms undermine the adhesion forces
between the coating and the substrate [39; 44—46].

* Blister-induced delamination of the coating
arises from water uptake and electrochemical reac-
tions. The accumulation of water and dissolved species
at the metal—polymer interface, together with the resul-
ting osmotic pressure and mechanical stresses, reduces
the adhesion of the coating to the metallic substrate and
leads to interfacial delamination [47-52].

Erosion-corrosion processes

The processes described above, whose combined
action leads to degradation of the protective polymer
coating, proceed at a substantially accelerated rate
when the coating is additionally exposed to flowing
fluid during service. In [53], a comparison was made
between the deterioration of barrier properties under
flow conditions and under static immersion, using
an experimental setup whose schematic arrangement is
shown in Fig. 10.

The barrier properties of the coating during test-
ing were evaluated using electrochemical impedance
spectroscopy (EIS). The EIS measurements showed
that the impedance modulus of the coating decreases
much more significantly under flow, indicating that
fluid motion along the protective coating accelerates
water ingress into the coating [53]. A similar conclu-
sion — that degradation of an organic coating accele-
rates when immersed in two different working fluids
(DI water and 3.5 wt. % NaCl solution) under laminar-

M R — Air diffuser

AT

Temp
controller

Temp
sensor |

Heater

Gear pump

Fluid reservior

Fig. 10. Schematic diagram of the setup used to simulate fluid-flow effects on a polymer coating [53]

Puc. 10. [IpuHuMNUaIbHAs CXeMa YCTaHOBKH, MOJICIIMPYIONICH yCIIOBHS BO3ACHCTBHS MOTOKA YKHJIKOCTH
Ha MOJIMMEPHOE MOKpBITHE [53]
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flow conditions compared with static immersion — was
also reported by the authors of [54].

A review presented in [55] summarized existing
research on tribocorrosion of coatings, i.e., their beha-
vior under simultaneous action of erosive wear and
corrosion. Under erosive flow, the authors distinguish
three coating-damage mechanisms:

— surface damage, in which a defect in the passive
film triggers repassivation and film reconstruction
on the coating surface (Fig. 11, a):

— corrosive wear of hard coatings on metallic sub-
strates, leading to the formation of pits and blistering
of the protective coating, followed by mechanical
damage and delamination (Fig. 11, b);

— abrasive action on the coating surface caused by
the potential difference between the metallic substrate
beneath the coating and entrained abrasive particles,
which accelerates surface wear (Fig. 11, ¢).

In [56], the authors described the degradation
mechanism of protective epoxy—novolac coatings
exposed to erosion—corrosion. At the first stage, erosive
attack produces microcracks exclusively around filler
particles. These microcracks create a porous structure
that allows the electrolyte to gradually penetrate deeper
into the coating. At this stage, however, the coating still
maintains sufficient barrier performance to prevent cor-
rosion initiation.

At the second stage, the cracks begin to widen,
and the barrier properties of the coating weaken under
aggressive conditions (high temperature, low pH, pres-
ence of CO, and chlorides). The electrolyte penetrates
further and reaches the metal-polymer interface. As
a result, local corrosion initiates and produces corro-
sion products (iron oxides) within the pores of the coat-
ing. This decreases the coating resistance, as detected
by electrochemical measurements.

At the third stage, the mechanical integrity
of the coating is severely compromised. As underfilm
corrosion continues to deepen and spread, the coating
delaminates and its structure becomes increasingly
porous. As a result, the access of aggressive species
to the metallic substrate increases, leading to the initia-
tion of new corrosion sites, and the coating ultimately
loses its barrier functionality. All three stages of coa-
ting degradation are shown in Fig. 12.

Thus, the principal stages and regularities of poly-
mer-coating degradation under high-pressure and
high-temperature conditions, as well as under exposure
to abrasive particles, have been examined. In most
cases, the studies were conducted in atmospheric envi-
ronments or in ionized water, where oxygen is the pre-
dominant corrosion-active species.

Recovery
of passive
layer B
Damaged Corrosive
passive fluid Passive layer

layer Counterface (metall oxide)

material

Bulk coating

a
Coating defect Cavity
N/ Hard coating |
[ Sudstrate O ]
Corrosion
deposits

| =< |

Coating blister

JYYYY
% I

M M Corrosive fluid

Cathodic surface (coating)

Abraded
surface

Anodic

Debris counterface

b Corrosive fluid

Cathodic surface (coating)

c

Fig. 11. Three coating—failure mechanisms under erosive
conditions [55]

a — type-1 wear: corrosion of hard coatings on metallic substrates,
in which damage to the passive film leads to its repassivation and
regeneration on the coating surface;

b — corrosive wear of hard coatings on a metallic surface, resulting in
pitting and blistering of the protective coating, followed by mechanical
damage and delamination;
¢ — abrasive action on the coating surface caused by the potential
difference between the metallic substrate beneath the coating and
entrained abrasive particles, which activates surface wear of the coating

Puc. 11. Tpu MexaHn3Ma pa3pylICHUs OKPHITUS B YCIOBUSIX
9PO3HOHHOTO BO3JeHCTBUS [S5]

a — 13HOC 1-ro THna: KOppo3ust TBEPIBIX MOKPBITHIA Ha METAJUTMUECKUX
MOAJIOKKAX, IPU KOTOPOH MOBPEKICHUE NACCUBHOMN IJIEHKU MPUBOIUT
K IOBTOPHOM €€ IacCUBAallMU U PETEHEPALIUK Ha OKPBITUH;

b — KOPPO3HOHHBIN H3HOC TBEPABIX IOKPLITHI Ha METAIIHIECKOM
MIOBEPXHOCTH, IPHBOANINII K 00pa30BaHUIO MHTTHHTOB H B3Iy THIO
3aLIUTHOTO MOKPBITHS U B PE3YJIBTATE — K €[0 MEXaHUUECKOMY
pa3pyIIEHUIO U OTCIOEHHUIO;
¢ — abpa3uBHOE BO3ICHCTBHE Ha IIOBEPXHOCTH MOKPHITUS, BEI3BAHHOE
Pa3HO3aPsKEHHOCTHIO METAJUINYECKON MOUI0KKHU T10]] TOKPBITHEM
1 aOpa3sUBHBIMY YACTHI[AMH, B Pe3y/IbTaTe Yero MPOUCXOIUT aKTUBALIHS
HCTHPAHUS IOBEPXHOCTU MOKPBITHSL
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Degradation of internal anticorrosion
coatings in oil pipelines

A review of degradation mechanisms of internal
anticorrosion coatings (IACCs) used in oil-gathering
collectors, water pipelines, and production tubing
strings was previously carried out in [57]. All coa-
tings examined were based on epoxy—novolac systems
with different ratios of epoxy film-forming compo-
nents to novolac resin. Powder coatings were applied
by electrostatic spraying, whereas liquid coatings were
applied using airless spraying followed by drying or
polymerization.

Several processes occur simultaneously within
the coating: diffusion of corrosion-active species,
degradation of interfacial adhesion, and destructive
changes within the polymer matrix that lead to a reduc-
tion of cohesive strength. The intensity of these pro-
cesses depends strongly on temperature and increases
sharply as the temperature approaches the glass-transi-
tion temperature (7¢) (taking into account its depres-
sion caused by water uptake). Therefore, the behavior
of these coatings must be considered specifically in
their glassy state [58].

Electrolyte

Steel substrate

Electrolyte

Corrosion
product

Steel substrate

At the present stage of research, coating degradation
can be represented by the following sequence (Fig. 13).
In the first stage, the polymer undergoes water uptake,
accompanied by significant changes in its physical and
mechanical properties: Tg decreases by approximately
30 °C at 1.5 wt. % water uptake, while tensile strength
decreases by about 20 % [58]. This initial stage pro-
ceeds relatively rapidly and can be described by the dif-
fusion equation [26]:

8% (2n+1)2ﬂ:2Dt
= (2n+1)2 412 ’

where ¢(?) is the average concentration of the penetrant
across the polymer layer at time ¢, s; D is the diffusion
coefficient for a constant source into a polymer layer
of thickness I, cm?/s.

The values of D lie in the range of 1.0-107°
to 5.0-10°% cm?/s and depend on the chemical com-
position of the film-forming component and curing
agent, the degree of crosslinking, the type and load-
ing of fillers, as well as the pressure and temperature
of the environment.

Electrolyte

Corrosion

duct
Steel substrate  PTOC

Fig. 12. Stages of polymer-coating degradation under erosive wear, together with the corresponding EIS
equivalent circuits for each stage [56]

Puc. 12. Crapun pa3pyIiieHus TIOJIUMEPHOTO HOKPBITUS B PE3YIIbTaTe 9PO3HOHHOIO H3HOCA,
a TakoKe YKBUBAJICHTHBIE cxeMbI EIS, cooTBeTcTBYyIomme sTiM cragusam [56]
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Fig. 13. Staged degradation process of internal protective coatings

Puc. 13. CtanuitHOCTB TIpoliecca pa3pyIieH st BHYTPEHHUX 3al[UTHBIX MOKPBITHN

At the second stage, the coating undergoes degra-
dation of interfacial adhesion, which is typically loca-
lized and appears as spots with a diameter of approxi-
mately ten coating-thicknesses (Fig. 14). This process
is prolonged when the coating operates at temperatures
below the wet glass-transition temperature (wet 7g)
of the polymer and when no application defects are
present. The key durability criteria include the ini-
tial adhesion strength, the diffusion coefficient, and
the coating’s resistance to chemical and physical deg-
radation under service conditions — i.e., the retention
of intrinsic coating properties that determine its bar-
rier performance. For example, destructive changes
in the polymer structure may produce microcracks
that enable not only electrolyte diffusion but full mass
transport through the coating.

During failure analysis of internal polymer coa-
tings, it is often found that a significant reduction in
service life results from violations introduced either
during application or during operation. A common
example illustrating how application technology influ-
ences the durability of internal coatings is the frequent
occurrence of defects at the ends of production tubing.
The application of coatings to tubing ends involves
specific operations — make-up of the coupling and
cleaning of the tube end and threads from factory lubri-
cant (Fig. 15).

€9

Coatmgs with high adhesion strength

Conventional removal of lubricant by solvent clea-
ning and mechanical treatment is often incomplete,
resulting in localized blistering and coating failure,
even though the coating remains intact over the rest
of the pipe surface (Fig. 16). In practice, complete
removal of lubricant is reliably achieved only by high-
temperature treatment (furnace heating or laser-based
heat treatment). Characteristic features of this type
of failure are its localization within approximately
100 mm of the pipe end and the presence of large blis-
ters caused by the lack of adhesion in this region.

In this case, overheating is associated with operation
at temperatures above the wet-state 7g of the coating.
Visually, this failure mode differs little from the normal
degradation mechanism; however, the service life may
be reduced by more than a factor of ten under elevated-
temperature operation.

The thermokinetic characteristics of the internal
coating were determined in order to assess the degree
of cure of the powder-based material using differential
scanning calorimetry (DSC). Tests were carried out on
specimens before and after conditioning at 90 °C for
24 h to remove moisture from the coating. The cor-
responding results are summarized in the table, and
the DSC thermograms of the coating material are pre-
sented in Fig. 17.

Interfacial adhesion failure
without corrosion products

25 um

Fig. 14. Localized blistering of the coating after service (2™ degradation stage)

Puc. 14. JlokanbHble B3y THsI HOKPBITHS TOCIE KCIUTyaTanuy (2-s1 cTaaust pa3pyLuieHus)
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Cracks in the coating

Corrosion products

b

Fig. 15. Appearance of damage to the internal coating of production tubing in the nipple region caused
by improper surface preparation prior to abrasive blasting (), and microstructure of the damaged zone
showing areas with corrosion products and cracking within the coating (b)

Puc. 15. Baemrnwuii Buz paspyuerus BHyTpeHHero nmokpsitist HKT B HunmensHO# yacTi, 00yCIOBICHHOTO
HapyIICHUEM TEXHOJIOTUH MOATOTOBKH MOBEPXHOCTH Iiepe]] IpodecTpyitHoit 06paboTkoii (a),
¥ MHKPOCTPYKTYpa 30HBI Pa3pylIeHHs C yIacTKaMH 00pa30BaHMs IPOAYKTOB KOPPO3HUU U TPEHINH B TIOKPHITHH (D)

Del_@.im'ﬁ

‘-_'_
%
- Delamination \\
. e 2 e . o .

n Two-layer internal coating
of production tubing

/

Through-thickness Coating
crack Corrosion blisters
products
250 pm
—

Fig. 16. Appearance of the internal coating of production tubing, @73x5.5 mm (after 512 days of service) (a),
and the structure of the coating and corrosion products in the damaged region (b)

Puc. 16. Bueurnuii Bun BHyTpeHHero nokpsitist HKT 373x5,5 mm (Hapabotka 512 cyr) (a)
U CTPYKTYpa IMMOKPBITUS H TIPOAYKTOB KOPPO3HMH B 001acTH paspyuieHus (b)

Based on the test results, the observed difference
between the glass-transition temperatures determined
in the first and second heating cycles for the as-received
specimens is +13.8 and +12.7 °C, respectively, whereas
after conditioning the difference decreases to +1.5
and +2.9 °C. This indicates that the coating absorbs
moisture during service, which is a typical process
for polymeric materials [58]. The absence of a curing
peak in the DSC curves confirms that polymerization
of the coating had been completed. The Tg values
after conditioning (111-113 °C) match those of the as-
received coating, demonstrating that no thermo-oxida-
tive degradation occurred.

The third degradation stage is governed by
the growth of corrosion products and depends on
the diffusion coefficient and the corrosion resistance
of the steel. This is a long-term process, and its duration
is determined not only by the properties of the envi-
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ronment and the coating but also by the absence
of mechanical loading on the internal coating, which
could otherwise rupture the blister (Fig. 18).

The composition and morphology of the corrosion
products correspond to the governing corrosion pro-

Results of determining the degree of coating curing

Pe3y.]'leaTl>l onpeaejaeHust CTEIEeHU
OTBEPKACHUSA MOKPLITUHA

Specimen ];gcl’ T;gcz, ATg= Z% ~ Tz
1 (as-received) 95,8 1109,6 13,8
1 (conditioned) 107,8 | 109,3 1,5
2 (as-received) 99,8 | 112,5 12,7
2 (conditioned) 108,9 | 111,8 2.9
Requirements of GOST R 583462019 —5<ATg<+5
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Fig. 17. DSC thermograms of the coating specimens:

a, ¢ — specimens in the as-received state; b, d — specimens after conditioning
Tg, —red curves, Tg, — blue curves

Puc. 17. Tepmorpammbl JICK 06pa3iioB mOKpeITHI

a, ¢ — 00pas3Lbl B UCXOJHOM COCTOSIHUM; b, d — 00pa3iibl OCIIe KOHANIIMOHUPOBAHHS
Tg, — xpacHble KpuBble, g, — CHHUE KPHBbIE

cesses. In CO, corrosion, the formation of FeCO, is
observed; the carbonate inherits the steel microstruc-
ture because the reaction Fe,C + CO, does not proceed,
whereas a-Fe (ferrite) reacts with CO, to form iron car-
bonate (Fig. 19, a). Blister formation always precedes
the growth of the corrosion-product layer, because
this layer does not experience mechanical loading and
cannot expand freely in the confined space. A corro-
sion-product layer enriched in chlorine is localized
at the metal/corrosion-product interface (Fig. 19, b),
which is characteristic of corrosion processes occurring

in oilfield tubing. The identical composition and mor-
phology of the corrosion products indicate the absence
of selective diffusion or differences in the diffusion
rates of individual components through the coating.

The height of coating blisters may reach ten
times the coating thickness, which indicates minimal
destructive changes and preservation of elasticity.
In the authors’ experience, failures preceded by signifi-
cant plastic deformation have not been observed even
after long service periods (over 10 years); therefore,
adhesion loss and blister formation always proceed

Two-layer internal coating of production tubing

211.1 um
I 214.4 pm

No corrosion products are present
in the blistered areas

The mottled pattern indicates
that blister formation occurred

250 pm

non-uniformly

Fig. 18. A typical example of the appearance and structure of the coating at the third destruction stage

Puc. 18. XapaxtepHblii IpuMep BHELIHETO BU/A M CTPYKTYPBI IOKPBITHSI HA TPEThEH CTaIUH Pa3pyIICHUs
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Former pearlite colony and preserved
banded structure of the pipe steel

50 pm
—

Corrosion-product la; S

3% : 25 um
containing up to 11.4 % chlorine

—

[Element ] O [ Si [ Fe [ C [ NaJ Cr [Ca[Mn] V [Mg[ Ni JCu]

[Element] C T O [ Si [ S T CIJCr[Mn]Fe]

[ wt.% [29.44]6.02149.88] 7.33]2.03] 1.18 [ 0.70 [ 1.62 [ 0.32 [ 0.36 [ 0.52 [ 0.60 |

[ wt.% [5.57]24.80] 0.78 ] 0.13 [11.46] 0.56 | 0.82 [55.87]

Fig. 19. Structures of corrosion products beneath the coating: iron carbonate (@) and chlorine-rich corrosion products (b)

The red rectangle marks the area of SEM-EDS elemental analysis

Puc. 19. CTpyKTypbl POAYKTOB KOPPO3HH IO MOKPBITHEM — KapOoHara xerne3sa (a) u xiopa (b)

KpacHbIM npsMOYroIbHUKOM 0003Ha4Y€Ha 30Ha 3IEMEHTHOTo aHanu3a B pexume COM-D]JIC

faster than aging processes accompanied by a reduc-
tion in ductility.

The fourth degradation stage is associated with
the rapid development of through-thickness pits. If
the coating has not been exposed to elevated tempera-
tures, then by the time this stage is reached substan-
tial destructive changes have often occurred, causing
the coating to become brittle and fail easily (Fig. 20).
In the presence of coating defects, corrosion damage is
intensified for two reasons:

— formation of a galvanic couple in which the blister
center acts as the anode, followed by accelerated cor-
rosion after pit initiation and the formation of an addi-
tional cathode—anode pair;

—all corrosive activity is concentrated in a single
local area; the medium contains no Fe?" ions (typi-
cally released during corrosion of uncoated pipe),

Single-layer internal coating of production tubing

which otherwise act as inhibitors for corrosion pro-
cesses. In such cases, the characteristic failure mode
is through-wall pitting corrosion, whereas the coating
remains intact on remote sections of the pipe (Fig. 21).

Conclusions

1. A comprehensive review of the degradation me-
chanisms of polymer coatings on metallic substrates has
been conducted, including water diffusion and absorp-
tion within the polymer matrix, disruption of molecular
interactions in the polymer network, adhesion loss and
interfacial delamination, interfacial corrosion, cathodic
delamination, blister formation, and erosion-driven
damage.

2. It has been shown that the degradation of internal
anticorrosion coatings in oil pipelines can be divided
into four stages. At the first stage, water uptake and

Single-layer internal coating of production tubing

Corrosion products consisting
of iron carbonate

250 um

Onset of coating degradation

250 pm

Final stage of coating degradation

Fig. 20. Structure of a single-layer internal coating of production tubing, @73x5.5 mm,
after 934 days of service, and morphology of corrosion products

Puc. 20. Crpykrypa oanocioiinoro Bayrperntero nokpeitiss HKT @373%5,5 mm ¢ HapaGoTkoit 934 jius,
a TaKXkKe MPOAYKTOB KOPPO3UHU
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Through-wall pitting corrosion along the lower longitudinal line of the pipe

Fig. 21. Consequences of operating a pipeline with a degraded internal coating

Puc. 21. ITocnenctBus dKCIUTyaTalluy TPYOOIIPOBOA C pa3pylIEHHBIM BHYTPEHHUM HOKPBITHEM

diffusion of transported species occur throughout
the coating thickness. This is the shortest stage and can
be described using Fick’s diffusion equation. During
the second stage, interfacial adhesion is degraded;
this is the longest and the life-limiting stage in coa-
ting performance. The third stage involves blister for-
mation and the development of corrosion products
at the metal—coating interface. At the final stage,
the blister ruptures, followed by the onset of aggressive
through-wall pitting corrosion.

3. Based on the analysis of the composition and
morphology of corrosion products beneath the coating
and their comparison with corrosion products formed
on similar pipe steels operated under comparable con-
ditions, it has been established that diffusion selecti-
vity is absent. No substantial limitation on the transport
of any specific corrosion-active species was observed.

4. It has been demonstrated that visual inspection
alone cannot reliably identify the root cause of coa-
ting failure, because overheating by only a few degrees
above the wet-state glass-transition temperature
of the polymer may significantly contribute to degra-
dation. Although such overheating does not intensify
thermo-oxidative processes and is not detectable by
DSC or FTIR analysis, its presence reduces the coating
service life by approximately an order of magnitude.
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