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Abstract

This work develops a theoretical analysis of the coating permeability necessary for use as internal
coatings of transmission pipelines to prevent hydrogen embrittlement. Internal coating materials
suitable to be applied in situ on existing steel pipelines are also evaluated. Twelve different
commercially available coatings; crosslinked poly (vinyl alcohol) (PVA), poly (vinyl chloride) and
bisphenol A diglycidyl ether (DGEBA)/ polyetheramine (D-400) epoxy coatings prepared in-
house were tested. Films fabricated from two commercial epoxies had hydrogen permeability of
0.40 Barrer and 0.35 Barrer respectively, which show potential as coating materials. A hydrogen
permeability of 0.0084 Barrer was achieved with a crosslinked poly (vinyl alcohol) coating,
indicating that this material shows the highest potential of all coatings tested. Unsteady-state
hydrogen diffusion through coated steel was then modeled to evaluate the effect of the coating
film in reducing hydrogen embrittlement. The result shows that with a 2mm PVA coating,
hydrogen permeation inside the coating will take seven years to reach equilibrium and the final
hydrogen concentration on the steel surface will be 44% lower than that without a coating. Greater

protection can be provided if coatings can be developed with lower hydrogen permeability.

Key words: Hydrogen embrittlement; Hydrogen permeability; Poly vinyl alcohol; Polymer
coatings; Steel pipeline
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1. Introduction
Hydrogen embrittlement (HE) is a generally recognized effect occurring in metals of high strength
such as steel and has been a recognized problem for the hydrogen industry for decades.[1] There
are a variety of mechanisms which can explain HE such as hydrogen enhanced decohesion (HEDE)
and hydrogen enhanced local plasticity (HELP).[2—10] Pipeline steel failure resulting from
hydrogen embrittlement usually initiates from defects and cracks on the pipe surface.[11]
Hydrogen molecules dissociate into hydrogen atoms on this steel surface before entering the steel
lattice. The atomic hydrogen dissolves into the steel and diffuses from the high-pressure to low-
pressure side. [12,13] The dissolved hydrogen can degrade the mechanical properties of the steel
pipes, for example, ductility, fracture toughness and fatigue life[14,15]. In order to transport

hydrogen gas using steel pipelines, hydrogen embrittlement needs to be overcome.

In recent years, a number of methods to prevent hydrogen embrittlement on steel have been
developed. These methods include cadmium and nickel plating[16], black oxide conversion
coating[17,18], hard coatings such as TiO> to serve as barriers[19] and hydrogen trapping

techniques[20,21].

Coating techniques generally reduce the rate of hydrogen transmission into the steel. This
transmission can be described using a number of parameters i.e. the diffusivity, the permeability
or the permeance. The units used to describe these parameters are summarized in the

Supplementary Information (Table S1), for the convenience of the reader.

Studies have shown that coating with an appropriate metal or alloy can reduce the hydrogen
penetration into steels.[1,16,21,22] Cadmium (Cd) has lower hydrogen diffusivity than common
steels and is often used as a barrier for steels to prevent corrosion from the environment.[1] As
with Cd, alloys of Nickel (Ni) also have low hydrogen diffusivity. The hydrogen diffusivity in Ni
was determined to be 2.2x107"* m?/s at 25 °C[23] while most steel has diffusivity around 101 m%/s
as presented in Table S2. [24-33] These metal and alloy coatings are deposited by electroplating.
However, the process of electroplating itself can introduce hydrogen into steel and indeed it was
found that Zn-Co alloy and Cd coatings have caused serious hydrogen embrittlement.[34] To

mitigate against this effect, post heat treatment of the coated steels is necessary to allow hydrogen



to escape. Using a thermal immersion test with a constant heating rate, Ooi showed that a black

oxide coating can resist hydrogen intake from decomposing lubricants used on steels.[17]

Hard nitrides, carbides and oxides such as TiO», TiC, AloO3 and Cr203, are widely used in industry
to provide protection of metal surfaces against chemical and mechanical attack.[35] They are also
used in coatings for HE resistance due to their dense structures and low gas permeability. It was
shown that even after hydrogen charging for 144h, the fracture toughness of a sample coated with
CrN layers was sustained, while the fracture toughness of the control with no coating decreased
by 66%.[36] Other studies shown that Al and Ti ceramic coatings can reduce hydrogen permeation
by 1000 to 100,000 times.[37] These materials are generally coated using chemical or physical
vapour deposition under vacuum conditions, so the possibility of embrittlement during these
processes is low.[1,38] However, the performance of the coatings depends on the service
conditions such as the defects on the metal surface and localized stress.[21] The coatings can be

worn out or destroyed if the localized stresses are heavy.

Hydrogen can be trapped by non-ideal lattice structures in the steel such as grain boundaries and
vacancies. These trapping sites can interfere with hydrogen diffusion and influence the HE process.
It is difficult for hydrogen to diffuse through such disordered structures because to escape the trap,
hydrogen needs to overcome a larger binding energy than the energy required to escape the normal
lattice.[1,21,39] CHNS (carbon, hydrogen, nitrogen, and sulphur) elemental analysis has shown
that these traps have a high hydrogen absorption capacity.[40] The presence of these irreversible
traps can retard the hydrogen diffusion in steels and reduce hydrogen sensitivity[41]. There are
different methods to introduce traps on the metal surface. Coatings can be obtained by deposition
of niobium and cobalt using a high velocity oxygen fuel (HVOF) thermal spray.[20,40] Brandolt
obtained a niobium (Nb) coating on standard steels which showed a 7.5 times higher hydrogen
trapping capacity than that of the steel.[20] Traps can also be introduced by introducing damage

to the metal surface via low energy implantation of helium and ion irradiation.[42]

Hydrogen barriers that use polymeric materials together with nanomaterials have also been
investigated. Yang successfully fabricated polymer multilayer thin films as a gas barrier. Ten
bilayers of polyethyleneimine (PEI) and poly acrylic acid (PAA) produced a thin film using poly
(ethylene terephthalate) (PET) as a support that could reduce the oxygen transmission rate by about

1700 times.[43] However, the film was very thin, with a thickness of 305nm and so would be



difficult to construct across the large surface areas within hydrogen pipeline infrastructure. Also,
with ten bilayers, the fabrication process will be complex. PEI has also been used in layer-by-layer
(LbL) assembly with graphene oxide (GO). Thin films as hydrogen barriers were produced via
LbL self-assembly of a GO suspension (pH 3.5) and PEI solution (pH 12). The thin film with 10
bilayers of GO and PEI were able to reach hydrogen transmission rates below 150 cm?®/(m?.d.bar),
which is 0.0023 Gas Processing Units (GPU).[44] Li[45] and Liu[46] also obtained gas barrier
films by LbL self-assembly using PEI and modified GO.

For large scale infrastructure and particularly for piping that is buried underground, suitable
polymeric coatings and their delivery methods are required, which the above-mentioned coatings
cannot achieve. For such infrastructure, the coating materials must be readily applied as near-
ambient temperature solutions. Secondly, only very limited heating or other chemical treatments
can be used to cure the coating. Finally, due to the very large areas covered by such infrastructure,

the method should be cost effective without the use of expensive materials.

Based on these limitations, polymer coatings could be a useful option to solve the problem of
hydrogen embrittlement while transporting hydrogen via existing pipelines. Polymer materials are
easy to process and cost-effective. They have been used in various applications including gas

barriers and coatings.[47—49]

A good example of low permeance barrier films is in the food packaging industry, where oxygen
and water vapor permeability must be minimized to maintain shelf life and freshness.[50] The
films developed for this industry may be viable for reducing hydrogen permeability in metal
embrittlement situations. The most common packaging materials used for this purpose include
ethylene vinyl alcohol (EVOH), polyvinylidene chloride (PVDC), oriented Nylon 6 and PVA.
Most of these materials are manufactured by extrusion or lamination. PVC films have a low oxygen
permeability of 0.005 —0.12 Barrer[51]. The polymer has good solubility in tetrahydrofuran (THF)
and can be applied on steel pipes in THF solutions. PVC has been used as coatings for pipeline
corrosion resistance. Olad and Nosrati used PVC blended with ZnO nanoparticles in a THF
solution as such a coating[52]. PVC/silica composite coatings have also been applied to two

different steel substrates, showing good corrosion resistance[53].

Among these materials, PVA has very low oxygen permeability and it has good water solubility,

which could provide a good coating option for hydrogen embrittlement. PVA coatings can be
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fabricated by a solution casting method using water as the solvent. Crosslinked PVA films can
lower gas permeability with a denser structure. Different crosslinking reagents have been explored,
with results showing that glutaraldehyde is an effective reagent which gives a less swollen

product.[54]

Most coatings used in the pipeline industry however, are epoxies or polyurethanes. Two-part epoxy
coatings are generally applied on pipelines to prevent corrosion with good adhesion ability and
processability.[55] These coatings can often be cured at room temperature and applied via air-
spraying with liquid epoxy resin as one part and an appropriate curing agent as the second part.
Lange[56] investigated the oxygen barrier properties of diglycidyl ethers of bisphenol and
butanediol based epoxy coating films using different amines as the hardener. The results showed
that aliphatic amines had the best gas barrier properties. A number of workers have already
recorded the permeability of gases in these resins both with and without fillers to reduce gas

permeation (Table S3). However, none to date have recorded the hydrogen permeability.

There are no clear indications in the literature as to what concentration of hydrogen inside the steel
will cause embrittlement, as the type of steel, its working history and the specific location and size
of defects all play a role. Rather, the permeability reduction factor (PRF) is usually used to show
the quality of any coating in reducing embrittlement, defined as the steady-state ratio of the
permeation rate through the uncoated steel Js versus the permeation rate through the coated steel

Jcoated-[57]

PRF = —% (1)

Jcoated

Here, we first aim to identify the coating permeability that is required to provide a PRF of 10 at
the hydrogen pressures that might be experienced in transmission pipelines. We then test a range
of both commercially available and in-house prepared coating materials to determine their
permeability and diffusivity. Based on these test results and related literature data, the unsteady-
state hydrogen diffusion process through coated steel is modeled to evaluate the effectiveness of
the coating layers identified to prevent embrittlement. The ultimate aim is to identify an internal
coating for existing piping that provides a barrier to hydrogen permeation. The coating should be

able to be applied in-situ, have low hydrogen permeability and be cost-effective.



2. Theory and Model Development

Hydrogen molecules dissociate into hydrogen atoms on a steel surface and diffuse through the
steel as singular atoms [12]. These hydrogen atoms will first fill defects and the spaces between
the grains within the steel, known as hydrogen traps. The initial diffusion coefficient (defined by
the apparent diffusion coefficient, D;) is low as these traps are filled. After extended exposure,
these traps are filled and the diffusion coefficient increases to a steady state value (the lattice
diffusion coefficient, D;) [30]. The relationship between these two coefficient can be expressed

by[27]:

Dy,

Dy =—02L @)

S T 14KNp/Ny
K: Equilibrium constant;
Ni: The number of hydrogen atoms in lattice sites;
Nr: The number of hydrogen atoms in traps.

According to Sievert’s law, the total concentration of the hydrogen atoms in steel (cg) can be
expressed by[28]:

Cs = Ss \/5 3)

Where Ss is the solubility of hydrogen atoms in the steel, and p is the partial pressure of hydrogen
molecules at the measurement point.

p1\

coating  steel

Figure 1 Schematic of the hydrogen concentration profile during permeation through a polymer coated steel
specimen



The flux of hydrogen (J5 in mol H/m?.s) through the steel specimen can then be determined by
Fick’s law (Equation 4)

VP2—\p3
ds

dcs
Js = Ds dx = DsSs 4)

where d; is the thickness of the steel specimen, p, and p; are the partial pressure of hydrogen on

the high and low pressure sides of the steel specimen (Figure 1).
The permeability of hydrogen through steel can be expressed by:
Py = D;. S (5)

There are two generally adopted methods to determine the hydrogen permeability of steel. In the
gaseous method, hydrogen diffusivity and solubility of steel sample is measured at high
temperature (>200 °C) then the data are extrapolated to ambient temperature[24,25,28]. In the
electrochemical method a Devanathan-Stachurski type two-component electrolytic permeation
cell is used.[58,59] A range of hydrogen transport properties are reported in the Supplementary
Information based on the two test types and it is readily apparent that the two methods produce
widely different results. In particular, the gaseous method generally provides lower values of the
apparent diffusion coefficient and higher values of the total solubility. This leads to values for the
permeability that can be three orders of magnitude lower than that recorded using the
electrochemical method (from 3.7 x 10! to 1.8 x 107" mol H /m.s.Pa'?). Conversely, the
difference between the lattice diffusion coefficient and the apparent diffusion coefficient is much
smaller for the electrochemical technique. This probably reflects the more unsteady state nature of
the gaseous test method. In electrochemical methods, the steel is often pre-charged with hydrogen
to approach steady state, whereas in gaseous testing this is not the case. Further, in the
electrochemical method, hydrogen atoms can be produced and absorbed on steel surface directly
by the electrochemical discharge of water molecules, while for the gaseous method, the hydrogen
molecules need to dissociate into atoms first [60,61]. The different steel types used for testing and

the work history of the steel can also influence the coefficients.



The hydrogen concentration in polymer film (cs) can be expressed by:
where Sy (mol/m?>.Pa) is the solubility coefficient of hydrogen through the coating films.

Hydrogen permeates through polymer coatings in the form of hydrogen molecules. The flux of

hydrogen through the film (J;) in mol/m?.s then can be given by:

_ P1=p2) _ p (P1=P2)
_]f — Dfo 1df 2 — Pf 1df 2 (7)

where Dy (m?/s) is the diffusivity coefficient of hydrogen through the coating films, Py
(mol.m*/m?>.s.Pa) is the hydrogen permeability of coating films and dy is the thickness of the film
shown in Figure 1. This value is intrinsic to the material. The permeance determines the flux of

hydrogen per unit pressure driving force, taking into account the sample thickness (Equation 8)

P
Permeance = -L = 2/ (8)
df  P1—DP2

The flux of hydrogen across the coating film and the steel should be identical for one coated steel
specimen. The flux of atoms will be double the flux of molecules giving hydrogen is diatomic

molecule.
Is = 2] ©)

As an initial estimate, calculations were completed using Equations 1-9 for an internal pipe
pressure of p;= 10,000kPa and a wall thickness of 10mm, as estimates typical for transmission
pipelines. It is assumed that the coating thickness is 1mm and hydrogen partial pressure at the
external side of steel pipe is 0 (p3=0). A tenfold reduction in flux (PRF=10) corresponds to a 100-
fold reduction in the hydrogen pressure at the pipeline surface (p,), due to the nature of Equation

4.



Table 1 An initial estimate of the required permeability of a Tmm coating to reduce hydrogen flux through a

transmission pipeline operating at 10,000kPa internal pressure and with a wall thickness of 10mm

Pressure at Required coating permeability (Barrer)

pipe surface Steel hydrogen permeability | Steel hydrogen permeability
(kPa) =3.7x 10" mol H /m.s.Pa'? | =1.8 x 10"'* mol H /m.s.Pa!?
10,000 0.18 0.000086

From the calculation result, the hydrogen permeability of the coating required to reduce the
hydrogen flux through a pipeline by 10-fold can vary from 0.000086 Barrer to 0.18 Barrer based
on the full range of permeability values described in the Supplementary Information. This initial
calculated result serves as a benchmark in terms of coating performance. The coating hydrogen
permeability should be lower than 0.18 Barrer to provide any significant protection against

hydrogen embrittlement.

However, these calculations are based on steady-state hydrogen diffusion through the coated steel.
The coating can provide much better protection if the hydrogen diffusion process takes more time
(of the order of years) to reach an equilibrium state. Non-steady state hydrogen diffusion through
coated steel can be modeled using Fick’s second law (Equation 10).[62]

9%c _ oc
dz2 ot

(10)

where ¢ (mol/m®) is the hydrogen concentration (hydrogen molecules in polymer coating and
hydrogen atoms in steel); z (m) is the distance from the coating surface or steel surface to the

measurement point; and t (s) is time.

In the present case, this unsteady-state hydrogen diffusion through uncoated steel and coated steel

was modeled using MATLAB. Explicit discretization was used to solve Equation 10 as below.

cirdt—ct ) ct_gp—2ck+ctia,
ac b (dz)? (11)
Rearranging equation 11:
dt
et =ci+D '@(Cé-dz —2¢; + C1pa7) (12)



Based on the discussion above, the initial and boundary conditions are:

c(t=0)=0 (13)
cr(t,zr = 0) = pSs (14)
cs(t,zs =ds) =0 (15)

The modeling assumes that

a. The polymer coating and the steel are homogeneous.

b. The coating and steel thickness are much smaller than other dimensions, so the diffusion
is only considered as a one-dimensional linear process.

c. The sorption of hydrogen onto the coating surface and hydrogen dissociation into the
steel surface are much faster than the diffusion process, so hydrogen diffusion is the rate
determining step.

d. The hydrogen diffusivity is constant and independent with time.

Equations 3 and 6 are used to determine the concentration of hydrogen at the boundaries of the
steel and coating; while Equation 9 is used to indicate that at the interface between the coating and
the steel, the hydrogen atom flux into the steel is doubled the hydrogen molecules flux from the

coating film.

Based on the literature data provided in the Supplementary Information, it is assumed that the
steady state hydrogen diffusivity in steel is 1x10'® m?/s and its permeability is 1x107'* mol H.m"
.51 Pa'2. The polymer coating and steel thickness are assumed to be Imm and 1cm respectively.
As above, it is assumed that pipeline operation pressure p; is 10,000 kPa and the hydrogen

pressure on the external side of pipeline is 0.

3. Experimental

3.1 Materials

Poly vinyl alcohol (PVA, 89-98 kDa, 99+% hydrolyzed) was purchased from Sigma (St. Louis,
USA). The crosslinking reagent glutaric dialdehyde (25%), was purchased from Merck Pty Ltd
(Darmstadt, Germany). Hydrochloric acid (HCI) solution (32%) was purchased form UNIVAR
(Victoria, Australia). Poly vinyl chloride (PVC) was purchased from Sigma (St. Louis, USA).
Tetrahydrofuran (THF) was purchased from Chem-Supply (SA, Australia) Bisphenol A diglycidyl
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ether (DGEBA) was purchased from Sigma (St. Louis, USA). Polyetheramine (D-400) was from
Huntsman (Jeffamine® D-400, Texas, USA). Gas cylinders of Hz (99.99% purity) was supplied
by Coregas Pty Ltd.

Commercial coatings were provided by different suppliers under confidentiality agreements. Some
coatings were provided as two- or three-part raw materials and free-standing films were then
prepared in our laboratory, as described below. Other coatings were provided as cured films

directly and were tested without further treatment.
3.2 Preparation of Films

To prepare 5 wt% PVA aqueous solutions, deionized water was added to a round bottom flask.
The flask was placed in a water bath at 90 °C and the liquid was stirred using a magnetic stir under
reflux. During stirring, PVA powder was added into the flask. The mixture was stirred at 90 °C for
2 h until the solution was clear and PVA was completely dissolved. The solution was transferred

into a glass bottle and left still overnight to eliminate gas bubbles.

PVA films and glutaraldehyde crosslinked PV A films were fabricated by a solvent casting method.
The PVA solution was mixed with glutaraldehyde. The PVA/GA monomer molar ratio was 0.02.
32% HCI solution was added as the catalyst, with an HCI/PVA monomer molar ratio of 0.05.[63]
The mixed solution and pure PVA solution were cast onto glass petri dishes and left to dry at
ambient conditions to simulate pipeline coating conditions. The thickness of fabricated films was

344+7um. Film thickness was measured by a micrometer (Mitutoyo, Japan) with an accuracy of +

Ium and was an average thickness of 10 locations on the film.

PVC films were prepared by a solvent casting method. 75mg/mL PVC was dissolved in
tetrahydrofuran (THF, 98%) and cast on a petri dish which was left 2-3 days at ambient
temperature. The thickness of fabricated films was 50-70 um.

Epoxy films were prepared by mixing DGEBA and D400 in a stochiometric ratio. The mixture
was cast on a cellophane sheet using a casting knife and left to dry in room temperature for 7

days. The films were 733+£10 pm.

Commercially available coatings were made by mixing the relevant parts immediately prior to

coating in the weight or volume ratio recommended by suppliers. After mixing, the wet mixture
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was applied to a cellophane sheet and a casting knife was used to create a thin film. The film was
left to dry at room temperature without further thermal treatment in order to simulate on-site
pipeline coating conditions. The thickness of films fabricated in our laboratory was in the range of
100-200 um while the cured films provided by suppliers are around 400-1300 um. In total, 12

commercial coatings were tested for permeability, numbered from 1 to 12.

3.3 Single gas permeation measurement
The pure gas permeability of coated supports and free-standing films for different gases was tested
using a constant volume/variable pressure apparatus at 35+0.1°C.[64], as shown in Figure 2 The
volume of the permeate piping was determined by calibration with commercial Styrex polystyrene
film (Mitsubishi Plastics, Japan) with a known oxygen permeability of 2.27 Barrer at 30°C and

latm feed pressure.

X Exhaust >

Pure Gas X

1 Firy 1

| -

Fan forced oven @

g Exhaust >

Vacuum pump

Figure 2 Pure gas permeation measurement apparatus
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The film was placed in the holder which was placed in an oven to control the temperature. The
system was connected to a vacuum pump. Before measurement, the film holder, the gas inlet and
outlet tubing were placed under vacuum overnight to remove all gases. To measure the leakage
rate of the apparatus, both the inlet and outlet valves of the gas tubing were closed and the pressure
on the permeate side recorded by a pressure transducer (Baratron®, MKS, USA). To measure gas
permeability, the pure gas feed was adjusted to the desired pressure and the gas inlet valve was
opened. The permeate gas accumulated in the downstream piping and the pressure was recorded

to calculate the gas permeability by equation 16 below.

273.2x1010 w d d
P= x —p % |(2) - () (16)
760 AT~ dt at/jeakage

P : gas permeability (Barrer, 10"%m>*(STP).cm.cm™.s'.cmHg™);

[: film thickness (cm);

V: calibrated volume of downstream piping (cm?);
A: film effective area (cmz);

T: temperature of downstream piping (K);

p : absolute pressure of feed gas (psia);

d e )
d—f: pressure change with time in the permeate side (mmHg/s).

The gas diffusivity was obtained using the time-lag method, which utilises the unsteady state
period at the beginning of the permeation period. The time-lag 7 is defined as the intercept on the
time-axis when the steady state linear relationship between downstream pressure and time is

extrapolated backwards. The gas diffusivity D (m?/s) can then be obtained by equation 3 below[65].

lZ

D== (17)

_61'
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4. Results

4.1 Permeability and diffusivity of tested materials

The thickness, density, hydrogen permeability and diffusivity of different coating materials

tested are illustrated in Table 2 and Figure 3.

Table 2 Film thickness, density, hydrogen permeability and diffusivity results of tested materials

Thickness e H; Diffusivity | H; solubility Density
Type Permeability
(1m) (x 108 cm?/s) | (mol/m3.Pa) (g/cm3)
(Barrer)

1 | epoxy novolac 29248 0.3510.14 2.34+0.03 5.03E-05 2.11+0.003

2 epoxy 135+4 0.40+0.02 84.0+14.2 1.61E-06 1.16+0.001

3 | epoxy novolac 579+54 0.64+0.01 17.6+0.8 1.22E-05 1.24+0.02
4 epoxy 441+11 0.65+0.061 1.46+0.0004

5 epoxy 1284+40 0.76+0.06 80.1+2.5 3.20E-06 1.34+0.004

Commercial 6 | epoxy novolac 51749 0.86+0.008 69.5+3.2 4.13E-06 1.55+0.002
coating 7 epoxy 49340 0.971+0.01 10.3+0.3 3.16E-05 1.71+0.013
8 epoxy 193+14 1.01+0.057 31.0£2.5 1.09E-05 1.58+0.002

9 epoxy 60419 1.21+0.015 1.62+0.05

10 epoxy 570+12 1.21+0.09 70£1.0 5.79E-06 1.54+0.006

11 | polyurethane 237+11 1.98+0.11 138+7 4.82E-06 1.61+0.01

12 | polyurethane 13613 18.1+1

PVA 3319 0.015+0.001 0.31+0.12 1.66E-05 1.25+0.031
PVA+GA 3615 0.0084+0.0015 | 0.0147+0.0013 1.91E-04 1.27+0.004
PVC 3516 2.44+0.003 294+38 2.78E-06 1.37+0.008
DGEBA+D400 epoxy 733+10 1.50+0.011 146+11 3.44E-06 1.16+0.002
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DGEBA/D400 | 1 15
PVC | | 2.44
PVA+GA | - 0.0084
PVA | } 0.015
12- polyurethane i j 18.1

11 - polyurethane i 1.98

10 - epoxy h1.21
9 - epoxy | 1.21

8 - epoxy j 1.01
7 - epoxy | 0.97

Tested materials

6 - epoxy novolac | 0.86
5 - epoxy Ii I 0.76
4 - epoxy i H 065

3 - epoxy novolac i | 0.64

Commercial coatings

2 - epoxy I 0.4
| 1-epoxy novolac =1 0.35

T rorrTT L rorrrT
1E-4 0.001 0.01 01 1 10 100

Hydrogen Permeability (Barrer)

Figure 3 Hydrogen permeability of tested materials

It is apparent from Tables 1 and 2 that PVC and DGEBA/D400 coatings have hydrogen
permeability which is too high to provide a significant resistance to hydrogen embrittlement (2.44
and 1.50 Barrer). PVA has a hydrogen permeability of 0.015 Barrer. The low permeability possibly
results from the semi-crystalline structure of PVA.[66—-68] PVA chains have many hydroxyl
groups which can form inter and intra-molecular hydrogen bonds, resulting in folded and
compacted regions which are impermeable to any penetrant [69,70] These crystalline regions

increase the diffusion path of gas molecules and result in lower gas permeability.[71]

The glutaraldehyde crosslinked PVA provide values within the target range outlined in Table 1
with the lowest hydrogen permeability of 0.0084 Barrer. The hydroxy groups in PVA can react
with aldehyde groups in glutaraldehyde under acidic environments[72], resulting in strong

crosslinking. Hence crosslinked PVA shows great potential as the coating material.
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Commercial epoxy coatings show better barrier properties than the polyurethane coatings tested
in this work. Most commercially available coatings have hydrogen permeability below 1 Barrer.
Among these coatings, there are two epoxy coatings having hydrogen permeability of 0.35 and
0.40 Barrer, which are close to the range of the initial estimates in Table 1, suggesting potential in
internal coating materials to prevent hydrogen embrittlement on steel. However, these values are
high compared to the permeability of PVA films. Further optimization could be done to provide a

lower permeability to ensure that sufficient protection is provided for a range of pipelines.

The permeability and diffusivity results of crosslinked PVA coating was used for the unsteady
state permeability modeling, given it has the lowest hydrogen permeability among all tested

materials.

3.2 Unsteady State Modelling

Application of the unsteady state model described in Equations 10 to 15 shows that when diffusing
through steel without a coating, the hydrogen concentration reaches an equilibrium after 8 days
(Figure 2a), and the concentration on the steel internal surface is 3.16 mol/m>. In Figure 2b
Conversely, the diffusion process in an applied PV A coating takes two years to reach concentration
equilibrium (Figure 2b). After 8 days, the hydrogen concentration on coated steel surface is only
0.0012 mol/m>. After one year, the concentration on the coated steel surface reaches 1.9 mol/m?,
which is 40% lower compared than the uncoated steel surface. At equilibrium, the concentration
on coated steel surface is 2.3 mol/m?, 29% lower than that on uncoated steel surface. Hence, the
time required to reach equilibrium is extended significantly with the PVA coating layer and the
hydrogen concentration inside the steel is reduced, indicating the coating film has potential to

prevent hydrogen embrittlement.
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Figure 4 a. Hydrogen atom concentration distribution through steel without coating and concentration change with

time (1 day, 3 days and 8 days); b. Hydrogen molecule concentration distribution throughout the coating (1mm) and

concentration change with time (8 days, 0.5 year, 1 year and 2 years) in coated steel; c. Hydrogen atom

concentration distribution throughout the steel and the concentration change with time (8 days, 0.5 year, 1 year and 2

years) in coated steel.

These results are influenced by the pipe wall thickness, the pipeline operating pressure, the

hydrogen permeability of the steel, the coating permeability and the coating thickness. The first

three factors depend on the actual pipeline working conditions. Conversely, the coating

permeability depends on the material and the coating thickness, which can be controlled during

application.
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As one example, if the PVA coating thickness increases to 2 mm, the time to reach the
concentration equilibrium will extend to seven years and the hydrogen concentration on the coated

steel surface is 1.8 mol/m? (Figure 5) at equilibrium, a decrease of 44% compared with uncoated

steel.
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Figure 5 (a) Hydrogen molecule concentration distribution throughout the coating (2mm) and (b) atom concentration

throughout the steel as a function of time (0.5 year, 2 years, 4 years and 7 years)

If the hydrogen permeability of the Imm-thick coating can be reduced by 10-fold, with a 10-fold
decrease in its hydrogen diffusivity, the time required to reach concentration equilibrium will
extended to eight years as shown in Figure 6. The concentration inside steel at equilibrium can be
reduced significantly with a hydrogen atom concentration of 0.49 mol/m? on steel surface, which

1s 85% lower than on the uncoated steel surface.
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Figure 6 (a)Hydrogen molecule concentration distribution throughout the coating (1mm) with a 10-fold reduction in
diffusivity and (b) atom concentration throughout the coated steel as a function of time (0.5 year, 2 years, 4 years and

7 years)

5. Conclusion
PVC, DGEBA/D400, PVA, crosslinked PVA films and twelve different commercial coatings have

been prepared and tested for their hydrogen permeability and diffusivity. Films fabricated from
two commercial epoxy resins have hydrogen permeability of 0.40 Barrer and 0.35 Barrer
respectively, indicating potential as coating materials. However, the permeabilities are too high to
act as a barrier material and therefore further modification is needed. Crosslinked PV A has a lowest

hydrogen permeability of 0.0084 Barrer, indicating the strongest potential as the coating material.

Mathematical modeling of unsteady-state hydrogen diffusion through coated steel has been used
to evaluate the influence of the crosslinked PVA coating upon hydrogen concentrations within the
steel. The results demonstrate that a coating film with a thickness of 1 mm can extend the diffusion
time to reach equilibrium to two years and substantially reduce the hydrogen concentration inside
the steel. This result is influenced by the actual pipeline operation pressure, pipe wall thickness,
the hydrogen permeability of the pipe steel itself and the coating thickness. If the thickness
increases to 2 mm, the time to reach concentration equilibrium can be extended to seven years with
a 44% reduction in the final hydrogen atom concentration on the steel surface. Further, if hydrogen
diffusivity of the coating can be decreased by 10-fold, the time to reach equilibrium state will be

extended to 8 years and the hydrogen concentration on the steel surface at equilibrium will

decrease by 84%.
19



The impact of these changes in concentration on the hydrogen embrittlement process remain
uncertain, as surveys of the literature provide little guidance as to the threshold hydrogen
concentration that can lead to this condition. Determination of this concentration is outside the

scope of the present paper but is of critical concern.
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