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The barrier performance of organic coatings is a direct function of mass transport and long-term stability of the

polymeric structure. A predictive assessment of the protective coating cannot be conducted a priori of degradation

effects on transport. Epoxy-based powder coatings are an attractive class of coatings for pipelines and other

structures because application processing times are low and residual stresses between polymer layers are

reduced. 

powder-based coatings  glassy epoxy  mass transfer properties  wet-state diffusion

permeability  coating degradation

1. Introduction

Many coating technologies have been developed to fulfill industrial demands for protective barriers for steel

structures . However, coating technologies face increasing challenges posed by high or low operating

temperatures as well as new requirements for increased longevity and abrasion resistance . Epoxy-based

coatings are commonly used for oil and gas pipelines and other steel structures . In addition to good performance

for corrosion protection and resistance to weather, and humidity , epoxy-based powder coatings have a

significantly shorter curing time relative to liquid and thermoplastic coatings—they reduce processing time while

providing optimal anticorrosion performance . The few cases of early powder coating failure documented in the

literature are mostly due to inappropriate substrate pretreatment, low application temperature, improper curing, or

improper chemistry in the formulation .

The development of an organic coating requires compatibility with specific environmental regulations and safety

concerns ; the coating’s molecular structure is modified in some cases to meet new expectations . For

instance, the peripheral polar functional groups in the epoxy act as adsorption sites for inhibitors (e.g., amines,

thiols, and alcohol-based epoxy resins), which enhances its anticorrosive effects in aqueous media when applied

as a coating . In addition to the main macromolecular compound, organic and inorganic additive components

can be used to improve the anticorrosive performance of the coating . In general, functional components in a

coating formulation serve different purposes: solvent to control film adhesion/formation; organic or polymeric

binders to provide barrier properties; dispersed pigments/functional fillers to enhance mass transport properties

and UV resistance; fillers to provide uniformity, and other additives to inhibit substrate corrosion . There are

many proposed new coating systems for petroleum-based products and, since climate change is a serious
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concern, recent trends in alternative fuels suggest that there is a necessity to increase the bio-based material

content in coatings . However, the pipeline industry continues to use epoxy-based coatings. Some

functional fillers such as needle-shaped amorphous wollastonite are used to increase flexural modulus and lower

the thermal expansion and shrinkage of the final coating . Microencapsulated agents―also known as self-

healing components―may also be used as additives. These provide a polymer mending property in case of

mechanical damage to the coating and may effectively protect the coated steel surface from corrosion .

Environmental parameters such as humidity, temperature, operating pressure, and ageing can individually or in

combination induce various complex mass transport scenarios . The interactions between the varied

components of the coating and the eventual service conditions are central to the long-term performance of the

coating. The mass transport properties of the coating provide a metric for this interplay. Effects of the coating’s

structural attributes—e.g., its polarity, chain stiffness, and inertness to the penetrant—on the extent of permeation

are discussed in the literature , however, data on transport rates of various species and their competitive

permeation through coatings are scant.

Fusion-bonded epoxy (FBE) is a thermoset polymer with excellent long-term adhesion performance at moderate

temperatures (e.g., 65 °C)  and is often preferred for both internal linings and external coatings on pipelines 

. Outside a few reports on individual field-applied coatings, there are no standard data for the mass transfer

properties of FBE , possibly because of the specificity of the diverse FBE formulations to various applications

. In severe environments, additional polyolefin layers may be applied over an FBE primer to reinforce the

protection against corrosive species . High-Performance Powder Coating (HPPC) is a monolithic coating

structure with efficient interlayer compatibility, and is qualified for service under aggressive environments .

Although excellent results have been reported, demands for aggressive working conditions (e.g., wet-state

applications, high temperatures, oxygen, and salts) may pose new challenges for these protection systems . By

focusing on these technologies as exemplars of single- and multi-layered coatings in the present study, we outline

challenges involved in gaining a predictive approach for analysis of a given coating’s long-term performance.

Water plays a significant role in the dynamics of epoxy degradation and affects the mass transfer rate of different

permeants in the coating . Mass transport analysis to quantify permeation data through FBE and HPPC in

wet-state applications is inadequate.

2. Mass Transport through Coating Materials

Mass transfer characteristics of coatings have received less attention than post-disbondment events, especially for

pipeline materials in which long-term integrity is of major interest. Failure analysis of pipeline corrosion has shown

that the most common forms of coating defect are holidays and cathodic disbondment (CD) , and thus,

significant progress has been made to enhance the durability of organic coatings against these issues. However,

environmental effects on operating pipeline coatings, such as moisture and temperature, are understudied or

unexplored. Among components present in the coating formulation, binders are expected to facilitate water and

oxygen transmission  and, consequently, could contribute to matrix deterioration. Permeabilities of a coating
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system against water, oxygen, and ionic species are fundamental attributes necessary to identify rate-determining

steps of corrosion of the underlying steel substrate . According to the solution-diffusion model, transmission of

permeant molecules through polymeric coating films (expressed as a permeability coefficient) occurs in a three-

step process :

Dissolution in the polymer (determined by the solubility coefficient) from the exposed side

Diffusion from higher to lower concentration/pressure (determined by diffusion coefficient)

Desorption from the other side of the polymer film

Permeability is thus a function of solubility in the coating and diffusivity through the coating, either of which may

dominate depending upon interactions between the polymer and the permeant. Generally, diffusivity dominates in

gaseous permeation, unless the gas is easily condensable (e.g., CO ) or is water vapor . When a coating

system is required to prevent simultaneous ingress of gases and liquid water, data from individual species

permeability tests (e.g., oxygen permeability in the absence of water vapor) may not adequately represent barrier

properties.

3. The Long-Term Stability of FBE and Its Effects on Mass
Transport

Adhesion is a key characteristic in coating degradation. Adhesion failure, and the resultant underlying corrosion,

facilitate the flux of aggressive species across the coating. However, unless a major defect (e.g., microcracking)

evolves from internal stresses in the coating membrane, barrier protection remains governed by transport

processes through the coating. During the initial coating process, when a liquid FBE film flows onto a pretreated

steel surface (i.e., cleaned with sandblasting and acid washed), hydroxyl groups along the molecular chain enable

the coating structure to form robust anchor points. It is also necessary that the terminal epoxy groups adequately

crosslink in the profile of the film to minimize internal stresses . The resin molecule in FBE contains a three-

membered ring, oxirane, which is highly reactive when curing takes place at high temperature—i.e., 180 °C to 200

°C for Low Application Temperature (LAT) FBE and up to 250 °C with standard and high T  FBE . Apart from

its processing advantages, this layer does not require the solvent to keep the binder and filler parts in a liquid

suspension form. The final non-crystalline solid remains a glassy polymer at the operating temperature (e.g., 65

°C). Modifications of FBE molecular network (e.g., bromination of the phenyl functional group) result in T  increase,

and consequently, improvements in adhesion and CD performance of the final coating . Dispersion of filler

materials such as carbon black in the powder blend can also enhance barrier properties as a result of decreasing

porosity and chain segment motions . However, one must note that a higher amount of filler particles increases

the tendency for agglomeration, and thus, deteriorates barrier properties. In addition, the size and shape of the filler

particles play important roles in erosion resistance .
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In pipeline coating systems, myriad environmental and design parameters can exert a variety of forces to drive

mass transport through the coating. In the early stages of degradation, Fickian diffusion takes place as a result of

the water concentration gradient (i.e., vapor pressure difference or in the case of offshore areas, hydrostatic

pressure) across the polymer coating. Likewise, the presence of salt in the vicinity of the coating (such as sodium

and chloride in seawater or soil) results in transport of ionic species through the system. Measurements can

become intricate when an applied potential is introduced to the system: the external electron source—e.g.,

cathodic protection (CP)—supports the ionic flow through electrostatic forces . In addition, the presence of

environmental CO  (as in soil) makes the pipeline steel susceptible to stress corrosion cracking; this type of

corrosion attack is most likely to occur at coating imperfection areas . However, the high tendency of

condensable gases like CO  to sorb into microvoids of glassy polymeric coatings can facilitate their gradual gas

permeation . Relevant data such as CO  transport through coatings, especially for hydrated epoxy, are

missing in the literature.

The FBE coating may begin to degrade prior to the service life of the pipe due to storage conditions, for example,

via ultraviolet (UV) exposure during stockpiling in the field . Physical ageing of glassy polymers leads to rapid

deterioration of transport properties, usually accompanied by an increase in selectivity of the polymer against a gas

mixture . Studies on gas separation membranes have shown that thinner coating layers physically age more

rapidly ; because the standard application thickness of FBE coatings on pipelines is thin (i.e., 350–500 µm), they

fall into this accelerated ageing category. Latino et al.  found that hydrothermal ageing of FBE at 85 °C for three

to seven months results in a minimum for T . This then results in an increase of the electrical conductivity of the

FBE, and despite further water uptake by the coating, T  does not subsequently drop. FTIR analysis of their FBE

samples (Figure 1) showed that, in addition to O–H stretching (peaks between 3610 cm  and 3210 cm ) from

water uptake, new vibrations occur in other chemical bonds in the FBE structure (e.g., water reaction with carbon

double-bond groups at 900 cm ) . On the other hand, they observed a signal increase at 1608 and 1732 cm

for aromatic rings and esters stretches, respectively, which may reflect chain scission of the epoxy backbone

component and subsequent leaching of smaller molecular weight products towards the surface. This effect was

previously reported for epoxy structures: at the maximum water sorption, the diffusion coefficient of oxygen

decreases, suggesting chain scission and loss of volatile products in the epoxy. However, it has also been

observed that this scission is followed by the formation of the new cross-links . The T  of the coating may

partially be recovered upon removal of water through high vacuum drying, which can result in limited reversible

cross-linking .
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Figure 1. Degradation of FBE molecular structure caused by water sorption: after three months hydrothermal

ageing, water can disrupt epoxy double bonds and cause chain scission for the backbone. Copyright 2019.

Reproduced from  with permission from Elsevier Ltd.

4. Multi-Layer Coating Systems

FBE has low resistance to abrasive stresses and significant damage to FBE-coated pipes occurs after brief

exposure to mechanical stresses . With increased coating system requirements such as high temperature use,

and improved resistance to abrasion and chemicals, three-layer polyolefins (3LPO) systems become the preferred

choice . A 3LPO coating typically consists of an FBE primer, a polyolefin adhesive, and a polyolefin topcoat—

mainly high-density polyethylene (HDPE) or polypropylene (PP). Each successive layer is designed to adhere to

the next by gradually altering the chemistry to aid compatibility and chemical interaction from the steel pipe surface

to the outer layer topcoat . The multilayered approach requires minimum interfacial stresses between layers

to ensure the final coating can achieve optimal adhesion and barrier properties. Design parameters such as the

thickness of each layer and application temperature are thus of equal importance to the layer compositions .

Finite element modelling of a 3LPO coating showed that increasing the polyethylene (PE) topcoat layer thickness

reduces the value of stress at the PE/epoxy interface but increases the stress at the epoxy/steel interface .

Processing of polymer structures at temperatures high above their T s can result in mutual interdiffusion of two

distinct polymers across an interface. For example, a diffusive interphase layer of 10–1000 Å leads to strong

entanglements between two compatible polymers .

Another multi-component system is HPPC. It is expected to have low susceptibility to internal stress development

over wide temperature variations. It typically consists of a 175–250 µm FBE primer, a 125–150 µm polyolefin

powder adhesive, and a 500–800 µm topcoat HDPE, all applied by electrostatic spray on the heated pipeline .

The desired thickness for each layer is selected according to project specifications and performance requirements

—e.g., thicker topcoat HDPE profiles at areas susceptible to mechanical damage, weathering, or high humidity.

This coating system benefits from the directional solidification of the polymer, which protects the coating from

internal stresses and microvoids . Mass transport studies on HPPC generally focus on coating performance in

CD tests . Permeability data for this coating at higher temperatures are limited and have been measured
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qualitatively, mostly relying on comparison with other coating structures . Thorough investigation of mass

transport in multilayered coatings requires empirical data on the barrier properties of PE components.

5. Coating Imperfections and Remaining Life Assessments

The literature concerning the time-dependent barrier performance of an a priori defect-free coating system is

relatively inadequate. In other words, assuming that a near-perfect coating system is placed on a well-prepared

steel substrate, one is not likely to find studies addressing questions such as: How long could a pipeline operator

reasonably count on the coating retaining its initial, “ideal”, barrier properties? What effect might cathodic protection

have on the deterioration of these properties, among other considerations? A modelling scheme to answer such

questions requires performance assessments of the coating during consecutive steps of degradation. It also needs

to connect mass transfer to the degradation process and predict the frequency of coating failures. To accomplish

such objectives, possible modes of failure, as well as experimental approaches to generate attributes for probability

of such events, need to be identified for a coating system of interest. For example, introduction of new interfaces

between coating layers through the multilayering approach may increase the probability of developing defects, i.e.,

porosity in forming layers and insufficient adhesion between layers in the coating profile. Although effective pipe

inspections minimize the occurrence of defects for in-service pipelines, progressive degradation can induce

imperfections in the coating structure. An exemplar of such cases is sequential water absorption/desorption, which

can develop internal stresses in the coating profile. This eventually leads to adhesion loss or microcracks in the

final stage of degradation . UV exposure also causes loss of mechanical properties and thereby lowers the

durability of the coating . Complementary mechanical properties tests such as adhesion pull-off and

nanoindentation techniques can quantitatively show this decline . In nanoindentation tests, for instance, the

resistance of the coating layer against indentation force can be used as a proxy for the extent of degradation of its

mechanical properties.

Predicting the remaining life of pipelines using numerical assessments has received attention in recent research

. The modelling scheme to predict the failure point can follow either deterministic or probabilistic

approaches . However, it is generally acknowledged that assessments for an existing structure referencing

back to design specifications (as in deterministic methods) for such complicated systems are likely to result in

excessively conservative estimates of remaining life ; they are likely to require more structural capacity than is

reasonably necessary to fulfill both safety and performance criteria. Common modes of failure for each coating

type have been documented in some existing reports .

This review addresses the consequences of exposing a coating system to challenging environments, however,

diverse mechanisms of coating degradation indicate that one cannot directly use the transport data, if known, to

formulate a model for the overall degradation process. Alternatively, probabilistic methods to relate likelihood of

failures based on the declining properties of the coating appear to be a good fit . Monte Carlo simulation is a

widely used technique for risk assessment and reliability analyses in disparate engineering fields and is

successfully used for lifetime predictions in oil and gas pipelines (i.e., to process corrosion wastage after coating

failure) . A modeling framework to address individual failure types based on mass transport analyses and
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mechanistic attributes of degradation (i.e., corrosion attack or disbondment) can generate signals for an ultimate

failure (e.g., exposed pipe). In theory, a failure probability is determined by the variability of environmental

parameters (e.g., history of humidity, temperature, UV exposure, etc.) and their interactions with mass transport

properties of the coatings. Independent statistical distributions based on the empirical data generate a cumulative

distribution function to predict the failure behavior of the coating . Numerical solutions of the resulting

evolution equation (due to gradual degradation) can be achieved by employing computational algorithms .

Such a numerical study is missing in coating degradation literature and would be helpful to reach optimal

inspection intervals for oil and gas pipelines.
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