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Abstract

The role of Poly(allylamine hydrochloride) (PAH) is investigated when applied in-situ during different
stages of evolution of an iron carbonate (FeCOs3) corrosion product on X65 carbon steel surfaces in a
CO; corrosion environment. We show that PAH adsorbs onto both FeCO3 and the bare carbon steel
surface, producing a FeCOs-PAH hybrid structure that reduces both localised and general corrosion.
The thickness and mechanical properties of naturally formed FeCO;and FeCOs-PAH hybrid layers are
characterised. The hybrid layers are shown to offer superior adhesion, as well as increased elasticity
and delamination resistance compared with the naturally formed FeCO; layer.
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1. Introduction

Due to low cost, mechanical durability and availability, carbon steel remains the most commonly
used material for pipelines in down and upstream facilities within the oil and gas industry [1]. In
hydrocarbon services, approximately half of carbon steel pipeline failures are attributed to either
carbon dioxide (CO3) or hydrogen sulfide (H>S) corrosion [2]. To control corrosion on the internal wall
of pipelines, the pH stabilisation technique has historically been utilised in several large wet gas
pipelines. Although this approach benefits the formation of protective scales to inhibit corrosion, it is
restricted to specific operations and exhibits limitations, i.e. blocking of pipelines can occur due to
increased scaling tendency of other mineral deposits [3]. This can also potentially enhance pitting
and localised corrosion in the long-term [4]. It is therefore prudent to explore alternative techniques
that exploit the naturally formed scale and corrosion products. Ideally, these techniques should only
influence the internal near surface of the pipeline and not the bulk solution.

The nature and characteristics of the corrosion product are heavily dependent upon the
environmental and physical conditions in the pipeline. In some instances, corrosion products such as
magnetite (Fe304), FeCOs (which develop predominantly in CO,-containing environments) and iron
sulphides (FeS) are capable of significantly inhibiting general corrosion [5-7], so it is arguably
beneficial to maintain them. In relation to the FeCO; corrosion product, the protective properties of
this layer with respect to general corrosion of carbon steel as well as in steel welded joints are well
documented [5,8]. However, FeCOs protection efficiency can be constrained and local removal of
this corrosion product via mechanical removal, chemical dissolution, or these combined processes is
a precursor to localised corrosion. Additionally, the local heterogeneity or discontinuities in the layer
developed during formation can initiate localised corrosion [9-11]. Therefore, the mechanical
properties of FeCOsz and their relationship with the tendency for localised corrosion to
initiate/propagate are extremely important in relation to the lifespan of carbon steel pipelines. The
ability to enhance FeCOsresilience to mechanical and chemical removal could be particularly useful
in mitigating both corrosion and erosion processes.

In service, the internal pipeline will have potentially undergone corrosion prior to inhibitor
application and may already have corrosion products present on the surface. Significantly, less work
has been devoted to understanding corrosion inhibitor performance in environments where steel
surfaces are partially or fully covered with corrosion products. However, the few studies that exist
typically report that the addition of corrosion inhibitors in the presence of corrosion products on
steel surface led to severe localised corrosion due to the inability of imidazoline type inhibitors to
interact with such products or reach the steel substrate effectively [12,13]. Thus, increasing the
inhibition efficiency towards localised corrosion seems requiring higher dosage for imidazoline type
inhibitor. In academia and industry there is a distinct lack of development of corrosion inhibitors
specifically tailored to function in the presence of corrosion products or interact with the corrosion
products themselves, thus exploiting the natural formation of corrosion products for corrosion
mitigation, particularly in the context of localised corrosion. Ultimately, the development of such
inhibitors could produce combined corrosion product-inhibitor hybrid structures or exploit
synergistic effects that provide superior protection.

In artificial biomineralisation systems, water soluble polymers have attracted significant attention in
relation to the synthesis of hybrid materials, owing to their exceptional flexibility, high compatibility,
cost, and strong adhesion affinity. Among polymers, synthetic anionic/cationic polymers are the
most promised organic additives owing to their solubility in aqueous media and capability of
interaction with metal carbonates during crystallisation [14,15]. An important example for cationic
polymers is PAH polymer, a polymeric amine which has displayed significant morphological
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modifications and physico-mechanical improvements in various applications [16—19]. PAH polymer,
an eco-friendly and biodegradable polymer, is a water-soluble weak-base and a cationic polymer. It
has a large number of amino groups that are present as a free amine or cationic ammonium salt like
other amine group-containing polymers [20], as shown in Figure 1.
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n

Figure 1. Chemical structure of PAH polymer, where n is the number of repeating units.

This study adopts a novel approach as an alternative to pH-stabilisation through the development
and assessment of a biodegradable chemistry which interacts with both steel surface and FeCO3
corrosion product, with a view to maintaining and enhancing the layer integrity. Specifically, this
research exploits the naturally formed FeCOs corrosion product by developing a FeCO3-PAH hybrid
layer in-situ, consisting of FeCOs corrosion product (inorganic) and PAH polymer (organic). The
corrosion measurements and corrosion inhibition characteristics of the newly formed FeCOs3-PAH
hybrid layer are evaluated. The morphological analysis is subsequently investigated before
characterisation of the coexistence of the hybrid layer. The influence on localised corrosion
behaviour of the FeCO3-PAH hybrid layer is also reported. Finally, the protective and physical
properties (hardness, Young’s modulus, delamination and shear stress) of FeCO3-PAH hybrid layers
are contrasted with a naturally and fully developed pure FeCOs layer.

2. Materials and methods

2.1.Materials
Based on its widespread use within the oil and gas industry, carbon steel (API 5L X65) was studied as
the substrate choice material and formed the working electrode for the electrochemical
experiments. The elemental composition of carbon steel is shown in Table 1, with the steel
possessing a ferritic-pearlitic microstructure.

Table 1. Elemental composition in weight percentage (wt.%) of API 5L X65 carbon steel.

Elements Fe Mn Si Mo C Cu Cr Ni

Wt. % 97.808 |1.270 |0.180 |0.170 0.120 0.120 0.110 0.070
Elements \J Nb Al P Sn S Ti B

Wt. % 0.057 |0.054 [0.022 |0.008 0.008 0.002 0.001 0.0005

The PAH polymer (average molecular weight: 100,000-150,000), was purchased from ThermoFisher
Scientific and used without further purification. The carbon steel test specimens, (used as working
electrodes for electrochemical studies), were cut into cuboids (15 mm x 15 mm x 5 mm). Electrical
connections to working electrodes was achieved by soldering a copper wire to the reverse side,
before embedding in a non-conductive resin, producing an exposed area of 2.25 cm? for corrosion
measurements. The exposed test surface of each embedded specimen was subsequently wet ground
up to 600 grit silicon carbide papers, followed by rinsing with deionised water and acetone before
drying with nitrogen gas and placing in the aqueous test environment.



2.2.Experimental conditions
In order to investigate the interaction efficiency of PAH polymer with the carbon steel surface and its
ability to inhibit the electrochemical reactions in a CO,-containing aqueous environment, a series of
in-situ electrochemical tests were performed. These tests were conducted using a conventional glass
(or bubble) cell setup integrated with a three-electrode electrochemical cell and are described in
detail in section 2.3 and Figure 2. A litre of brine solution was prepared with dissolving 35g sodium
chloride (NaCl) (99% analytical grade - Sigma Aldrich) in 1 L deionised water for each experiment.
The 1 L 3.5 wt.% NaCl brine solution was saturated with CO;, overnight for at least 12 h by bubbling
CO; gas through the solution continuously. Prior to the start of each experiment, the brine solution
was heated to desired temperature (60°C) and the pH was adjusted to 6.7 via the addition of sodium
bicarbonate (NaHCOs). The test conditions are summarised in Table 2 and were selected as literature
and previous experience of the researchers identified such conditions were highly conducive to the
formation of a FeCOs layer on carbon steel within a 48 h test period.

Table 2. Operational conditions and polymer loadings used in the electrochemical experiments

Parameter Values

Temperature 60°C

CO, partial pressure ~0.8 bar

Substrate material Carbon Steel (API 5L X65 Steel)

Working solution 3.5 wt.% NaCl

pH 6.6 £0.20

PAH polymer concentration 1, 10 and 100 ppm

Time when PAH introduced to solution 2 h (for 1, 10 and 100 ppm), /24/34/44 h (for 100
ppm only)

Test duration 48 h

In experiments where PAH polymer was used, the chemical was pre-dissolved in the same fluid as
the corrosion experiment and injected directly into the test solution. For instance, to have 1 ppm
PAH in the 1 L brine test solution of the experiment, 1 mg of PAH polymer was dissolved in the same
fluid as the corrosion experiment and added into the 1 L brine solution using a micro-pipette.

Initially, the influence of concentration (1, 10 and 100 ppm) was assessed with a fixed pre-corrosion
period of 2 h. As the concentration of most common polymeric corrosion inhibitors for the oil and
gas industry is approximately between 10-1000 ppm [21], the subsequent tests involved
examination of the effect of pre-corrosion time (and hence, extent of FeCOj3 evolution/formation) on
PAH performance, with the chemical concentration maintained at 100 ppm. This would also offer a
greater extent of polymer to interact with steel surface and corrosion product layer, facilitating
morphological and mechanical property analysis.

2.3. Electrochemical methods
Electrochemical measurements were recorded using a conventional three-electrode cell connected
to an ACM Gill 12 potentiostat. The three-electrode cell consisted of a working electrode, as
described in section 2.1, and a combined Ag/AgCl reference (4M KCl)/platinum electrode which
acted as the reference and counter electrode, respectively (Figure 2).
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Figure 2. Three-electrode glass (bubble) cteTrt;sTe—d for electrochemical experiments.

Direct current electrochemical methods (namely, linear polarisation resistance (LPR) and
potentiodynamic polarisation measurements) were used to determine the transient response in
corrosion rate in each experiment. LPR measurements were performed every 15 minutes by
polarising the working electrode + 15 mV vs open circuit potential (OCP) at a scan rate of 10 mV/min.
In each electrochemical measurement, the polarisation resistance (R, in Q.cm?) was determined
from the slope of potential vs current plot [22]. This relationship is shown in Equation (1).

% =R, Eq.1
The polarisation resistance is related to the corrosion current density, i, through the expression
in Equation (2).

i _ BaBe Eq.2
corr 2303 Ry, (Ba + Be)
where i, is corrosion current density (mA/cm?) and 8, and 3. are the measured anodic and
cathodic Tafel slopes, respectively, (both assumed as + 120 mV).

From calculated values of i, the rate of corrosion can be determined in desired unit (mm/yr)
utilising Faraday’s law (Equation (3)):

Vc =K icorrMFe Eq. 3

nFp

where K is a conversion factor to obtain corrosion rate (V) in units of mm/year (K = 3.16x10°), Mg, is
the molar mass of iron (55.8 g), n is the number of electrons freed in the corrosion reaction (2
electrons — Fe?*), F is the Faraday constant (96, 485 C/mol) and p is the density of steel (7.87 g/cm?3)
[23].

Upon the completion of electrochemical tests, the steel specimens were rinsed with deionised
water, acetone and dried gently with nitrogen gas before storing in a desiccator under vacuum for
ex-situ analysis.

Potentiodynamic polarisation measurements were performed at strategic times (2, 3 and 48 h
corrosion time), where significant modification on steel surface occurred. It should be stressed that
each test was carried out in completely separate cells. The scans for FeCO3 were collected at 2 h and
end of the immersion test (48 h). After addition of PAH polymer at 2 h of exposure time and resting
steel surface for an hour, the polarisation scan (3 h) was conducted. The scan at 48 h for FeCOs-PAH
polymer was taken when PAH polymer was introduced at 24 h pre-corrosion to explore the



interaction of PAH polymer with pre-grown FeCOjs layer on the steel surface. Anodic and cathodic
Tafel polarisation was conducted by polarising up to + 500 mV vs OCP at a scan rate 15 mV/min.
Each branch of the Tafel plot (anodic and cathodic) were collected on separate test specimens in
separate test vessels. Equation (4) was used to calculate the inhibition efficiency (IE%) where i; and
icorr are the corrosion current density values without and with inhibitor, respectively:

io— i
IE% = %x 100 Eq. 4
0

In addition, for the electrochemical impedance spectroscopy (EIS) measurements, [the DC potential
was 0 mv vs OCP but the AC amplitude was 10mV (rms) Mith a frequency range of 5 mHz to 10 kHz

with ten points per decade. The measurements were taken at 4, 24 and 48 h in the absence and
presence of PAH polymer tests.

2.4. Surface and chemical analysis methods
To assess the coverage and topography of the FeCO; and FeCOs-PAH hybrid layers, Scanning Electron
Microscopy (SEM) using a Carl Zeiss EVO MA15 was conducted on carbon steel specimens at the end
of the experiment (48 h). Energy Dispersive X-ray spectroscopy (EDX) using the same SEM enabled
elemental mapping of desired regions on steel surface. Both the imaging and EDX analysis were
performed at an acceleration voltage of 20 kV and working distance of 8-10 mm.

A FEI NOVA200 dual beam focused ion beam-SEM (FIB-SEM) was utilised to analyse the thickness of
FeCOs crystal layer and adsorbed PAH polymer layer on both the FeCO; and bare steel surface. Test
specimens were initially coated with platinum in selected areas within the FIB-SEM to protect the
surface while trenches were milled using a Gallium ion beam in preparation for cross-section analysis
via SEM and EDX. A voltage and current range of 5-30 kV and 0.1-5 nA were used for the milling
process, after which, the sample stage was tilted for microscopy and spectroscopic analysis of the
layer cross-section.

Fourier Transform Infra-Red Attenuated Total Reflectance (FTIR-ATR) measurements of FeCO3 and
FeCO3-PAH hybrid layers on carbon steel test specimen surfaces were performed using a Perkin
Elmer spectra 100. For each set of spectra acquired the background signal was collected which was
subsequently subtracted from the spectra collected from each test specimen surface. The spectra
were collected between a wavelength range of 4000-650 cm™. The obtained spectra were
interpreted using the hand book of IR spectra for both organic and inorganic compounds [24].

2.5. Surface profilometry

The extent of localised corrosion on the X65 carbon steel surface was evaluated utilising a 3D surface
profilometer Bruker NPFlex™. Before analysis, the post-test specimens were prepared by cleaning the
surface using Clarke’s solution in accordance with ASTM Standard G 1-03 [25]. For each experimental
condition, two square specimens (15 x 15 mm?) were scanned with a total area of 196 mm? (14 x 14
mm?) on each specimen. The raw data was analysed in Vision64 software package by applying carefully
selected thresholds with distinct pit depths, diameters and areas being quantified, in alignment with
previous work [12,26].

2.6. Mechanical property analysis

2.6.1. Hardness and Young’s modulus
Nanoindentation tests were implemented employing the Nano Test (Micro Materials Limited, UK),
with a Berkovich diamond indenter. For reliant analysis, 100 loading/unloading curves were
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computed in each experiment to find the average results. All experiments were carried out at a
constant loading and unloading rate equal to 0.2 mN/s and to a maximum load of 1 mN (controlled
maximum load). The hold time at maximum load was 20 s, and thermal drift correction was set at 60
s of holding period at 80% unloading. The unloading curves were used to derive the hardness and
modulus values by analytical technique developed by Oliver and Pharr [27].

2.6.2. Scratch test and shear stress
The scratch test was performed, via a TriboTechnic Millenium 200 scratch tester, progressively using
aload (0-50 N) over a length of 10 mm with a scratching speed of 10 mm/min. The indenter was a
Rockwell C geometry and the protocol was followed according to ASTM G 171-03 [28]. Table 3 shows
the scratch test parameters used to characterise the noticeable damage, failure mode and critical
load for FeCO3 and FeCOs-PAH hybrid layers.

Table 3. Conditions for progressive load scratch test

Parameter Values

Indenter material Diamond

Indenter geometry Rockwell C (120° sphero-conical)
Indenter tip radius (um) 200

Type of Load Progressive

Progressive Load (N) 0-50

Scratch test length (mm) 10

Scratching Speed (mm/min) 10

The different loads at each collected SEM image of the wear scar were calculated by measuring the
length of the scratch from the starting point to region of interested and correlating this with the
output graphs (load vs length) obtained from TriboTechnic Millenium 200 scratch tester. From their
study, Oliver and Pharr [27] stated that the adhesive properties of a layer can be estimated if the
mode of failure of the layer is determined. Prieto et al. [29], successfully corroborated this
methodology for pure FeCOs; layer deposited onto carbon steel and from there analysed the shear
stresses required to generate small damage, partial removal and full delamination of pure FeCO;
layer. Additionally, it was indicated that the mode of failure for FeCO3 on carbon steel is expected to
be buckling mode. From the buckling mode area, the critical load can be determined, and it is this
parameter which is paramount in the determination of shear stress. The buckling mode and stages
of removal of pure FeCOs layer are demonstrated schematically in Figure 3. Here, we followed the
same principles, using a progressive load (1 to 50 N) to analyse the adherence strength of the FeCOs-
PAH hybrid layer in comparison with the pure FeCOs layer generated within this study.
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Figure 3. Schematic illustration of scratch test principle used in this study to delaminate the PAH-
FeCOs or FeCOs layer (grey) on a carbon steel substrate (white), adapted from reference [29]. The
parameter “R” is the radius of indenter cone and “a” is the radius of the projected area after
scratch. These parameters are required to determine shear stresses.

After finding critical loads, Olivier and Bull [27,30] proposed the theory and methodology for
determination of the critical shear stress for adhesive films. In this study, the same model was
applied to detect the shear stresses, which caused minimal damage, partial removal and full removal
of FeCO; and hybrid layers. Essentially, the shear stresses were calculated using Equation (5) which is
dependent on the load and radius of the projected area measured in the desired detachment area:
L
T= ——— Eq.5
wa/R? — a?

where T is the shear stress (Pa); L. is critical load (N); R is the indenter radius (m) and a is the radius

of the projected area (m).

3. Results and Discussion

3.1. Corrosion evolution

3.1.1. PAH polymer concentration optimisation
To determine the influence of PAH polymer concentration in terms of inhibition efficiency, three
different concentrations were selected (1 ppm, 10 ppm and 100 ppm) in alignment with the studies
of polymeric corrosion inhibitors in hydrocarbon production industry [21]. Figure 4(a) shows the
corrosion rate response of carbon steel in an uninhibited system as a function of time over two days,
whilst Figure(b) shows experiments where the PAH polymer was injected into the system after 2 h of
pre-corrosion at the three aforementioned concentrations (1, 10 and 100 ppm). The uninhibited
experiment (Figure 4(a)) illustrates that the corrosion rate drops to around 0.1 millimetre/year
(mm/yr) after 40 h of exposure. This effect is attributed to the formation of pure FeCOs layer on the
steel surface (as reported in previous studies [5,26]), which reduces the dissolution of the underlying
carbon steel by acting as a diffusion barrier and/or blocking active sites on the steel surface.

When the PAH polymer was introduced into the corrosive environment after 2 h pre-corrosion
(Figure 4(b)), regardless of the concentration (1, 10, or 100 ppm) the corrosion rates dropped rapidly
from ~1.5 mm/yr (within 10 minutes) by ~1 mm/yr and continued to decrease to corrosion rates of
~0.1 mm/yr after 48 h. Despite an order of magnitude change in concentration of PAH polymer, very
similar efficiency was achieved, indicating that PAH is effective in reducing corrosion at
concentrations of 1 ppm. In comparison with other organic corrosion inhibitors available in literature



[31], this polymer immediately after injection decreased the corrosion rate to the level of residual
corrosion rate regarded as acceptable for field application (0.1 mm/yr); this is discussed in detail in
section 3.1.3.
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Figure 4. Corrosion rate of carbon steel vs time in (a) uninhibited experiment and (b) for different
concentrations of PAH polymer (1, 10 and 100 ppm) introduced after 2 h of pre-corrosion. Test
conditions are pH=6.6, 60°C, 3.5 wt.% NaCl, pCO,=0.8 bar.

The selected concentration for PAH polymer in various applications for mechanical property
enhancement is around 1000 ppm [18,32] whilst polymeric corrosion inhibitor dose rate in the oil
and gas industry are between 10-1000 ppm [21]. Thus 100 ppm was selected as a desired
concentration for surface analysis and mechanical property investigation.

3.1.2. Effect of PAH polymer introduction at different stages of FeCOz surface growth
To understand the impact of PAH polymer on the corrosion inhibition mechanism and the
interaction with FeCOs during the crystal growth process to form a robust FeCOs-PAH hybrid layer,
the PAH polymer was injected at various stages of FeCOj3 surface growth on the carbon steel in the
CO; saturated media. The corrosion rate and the OCP measurements for experiments using 100 ppm
PAH polymer are shown in Figure 5; the data are plotted as a function of time. The corrosion rate
results in Figure 5(a) indicates that, in the absence of PAH polymer, the corrosion rate shows a
steady decline during the period 5-48 h. Figure 5(b) shows that the corrosion rate dropped rapidly
(within 10-15 mins) when the PAH polymer was injected after 24, 34 and 44 h of pre-corrosion. As
PAH polymer reduces uniform corrosion, the potential release and transference of Fe?* from the
steel surface is restricted. Consequently, the extent of precipitation/crystal growth of FeCOs is
limited after addition of PAH.
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Figure 5. General corrosion rates against time when 100 ppm PAH polymer was introduced at
different h of pre-corrosion; (a) uninhibited experiment (b) inhibited tests for 24, 34 and 44 h of pre-
corrosion.

3.1.3. FeCOs— PAH hybrid layer performance
Figure 6 shows the generalised inhibition efficiencies reached at the end of each experiment (based
on an end-point calculation) as a function of the time at which PAH polymer is introduced into the
test solution. Utilising Equation (6), the end-point inhibitor efficiency was calculated from the
corrosion rate before the inhibitor was injected and the final corrosion rate after 48 h of exposure:

Esnapoin: (%) = [1 = (G 222224 ) | x 100 Eq.6
CRUninhibited

Where CR jnipitea 1S the inhibited corrosion rate at the end of the test (mm/yr) and CRyninnibited iS
the uninhibited corrosion rate before inhibitor injection (mm/yr).

The results in Figure 6(a) indicate that PAH polymer is an efficient inhibitor in any pre-corrosion
period introduced. More interestingly, with exception of the uninhibited experiment, the graph
clearly illustrates that introducing PAH polymer later into the brine solution later (24, 34 and 44 h) in
the experiment resulted in offering higher corrosion protection (increasing from 88% to 98%).
Beyond 24 h of pre-corrosion/FeCO;s layer evolution, the synergistic effect between the FeCO3 and
PAH layer produces a layer which is more efficient at reducing general corrosion than that of pure
FeCOs layer.

To explore further the PAH’s positive synergistic effect, the individual inhibition efficiency of PAH
polymer, as a corrosion inhibitor, and corrosion product FeCO; were calculated for each experiment,
as shown in Figure 6(b). For the uninhibited experiment, the pure FeCOjs layer produced 91%
protection efficiency, while PAH polymer alone inhibited 88% of corrosion when it was introduced at
2 h of pre-corrosion. Moreover, introducing PAH polymer into the brine solution later (24 h) added
21% protection efficiency to what was already provided by FeCOs layer (73%) resulting in 94%
inhibition. Similar increment in inhibition efficiency were achieved when PAH polymer was injected
at 34 and 44 h of pre-corrosion, but with a lower magnitude of additional efficiency (7-8%), as there
was a higher pre-corrosion time for evolution of the FeCO3 layer and hence, a greater initial
contribution to efficiency. These results illustrate that PAH polymer interacts/cooperates with the
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already formed FeCOs layer on the steel surface, resulting in a more efficient FeCO3-PAH hybrid
layer. Such observations are unusual, as numerous studies with more ‘conventional’ CO; corrosion
inhibitors report pre-corrosion and corrosion product formation as having a detrimental effect on
the inhibitor performance [12,13,33]. The reason for a higher corrosion efficiency of FeCOs-PAH
hybrid layer being observed when the pre-corrosion period is extended could be attributed to the
requirement of a well-established (crystallised) FeCOs; layer and the FesC surface being more
accessible for interaction with PAH polymer in a longer period prior to injecting PAH polymer. The
optimisation of pre-corrosion period to create a more resilient FeCOs-PAH hybrid layer with
optimum inhibition efficiency as well as robustness in mechanical properties should be investigated
further.
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Figure 6. (a) Total uniform corrosion inhibitor efficiency and (b) segregated uniform corrosion
inhibitor efficiency after 48 h as a function of time at which PAH polymer was introduced to the
brine solution i.e. after specified pre-corrosion/FeCOs layer formation times.

3.1.4. Potentiodynamic polarisation — PAH adsorption mechanism
The corrosion rate vs time and current—potential relationships (cathodic and anodic) for 100 ppm
PAH polymer addition after 2 and 24 h are shown in Figure 7, which consists of four potentiodynamic
polarisation plots each taken independently in separate experiments at different points in the
overall test. First scan was collected after 2 h of pre-corrosion before PAH addition, while the second
plot was taken after 48 h in the absence of PAH polymer (in a separate experiment). Immediately
after 100 ppm PAH polymer addition at 2 h pre-corrosion in a separate setup, the third plot was
obtained (once OCP reached a quasi-steady state value around 3 h pre-corrosion) and the final plot
was achieved at the end of the 48 h separate measurement when PAH was introduced at 24 h pre-
corrosion. The collective measurements provide an insight into the inhibition mechanism as well as
its time dependency.

In the absence of PAH polymer (first and second plots in Figure 7), the formation of FeCOs layer
modifies the steel surface corrosion behaviour, providing higher protection as the current density
shifts to a lower value while OCP increases slightly. Immediately after the addition of PAH polymer
(third scan), the OCP rises by 30 mV and the currents associated with the anodic and cathodic
reactions are reduced by approximately a factor of three. Consistent with previous work [34,35], this
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behaviour is indicative of PAH polymer behaving as a mixed-type Cl, with both the anodic and
cathodic reactions being similarly impeded [36]. Furthermore, the gradients of the anodic and
cathodic reactions are typical of geometrical blocking effect through establishing a protective
hydrophobic film on the steel surface, which blocks the active anodic/cathodic sites of carbon steel
[37]. It can be observed from the plot number 4 in Figure 7 that the addition of PAH polymer at 24 h
pre-corrosion exhibits maximum shifts in current density and OCP. This suggests that introducing
PAH polymer at the correct point creates a hybrid layer that is more effective than that of pure
FeCO; layer.
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Figure 7. Potentiodynamic polarisations at different times during a 48 h experiment in the absence
of PAH polymer (scan 1: at 2 h of immersion and scan 2: at the end of 48 h immersion) and presence
of 100 ppm PAH polymer (scan 3: at 3 h when PAH was added an hour before and scan 4: at the end
of 48 h immersion test where PAH was introduced at 24 h pre-corrosion). Test conditions are
pH=6.6, 60°C, 3.5 wt.% NaCl, pC0,=0.8 bar, 48 h. Note: Each potentiodynamic scan was taken from
completely independent experiments.

Electrochemical corrosion parameters such as corrosion potential (OCP), cathodic and anodic Tafel
slops (Ba, Bc) and corrosion current density (leorr), obtained by extrapolation of Tafel lines, are listed in
Table 4. Administrating PAH polymer at 2 h pre-corrosion decreased corrosion current density and
increased protection efficiency suggesting an immediate interaction of PAH polymer with steel
surface. Although formation of FeCO; after 48 h measurement, in the absence of PAH polymer, shifts
Ecorr value to a higher value and corrosion current density to a lower value, the FeCOs3-PAH hybrid
layer shows a greater shift in the values of Ecorrand lcorr providing greater corrosion protection to
steel surface. The values of B.and B. (Table 4) are impeded in a similar manner with introducing PAH
polymer to the system, indicating that PAH could control both the anodic and cathodic corrosion
reactions. This also implies that the PAH polymer is able to co-operate with the FeCOs layer available
on the steel surface in blocking corrosion active sites. Most importantly, the PAH polymer shows
greater inhibition efficiency in the presence of FeCOs, implying the synergistic impact of PAH
polymer with FeCOsin creation of a more protective layer compared with the pure FeCO;s layer.

12



Table 4. Polarisation parameters for carbon steel specimens in in the absence and presence of 100
ppm PAH polymer introduced at 2 & 24 h pre-corrosion (pH=6.6, 60°C, 3.5 wt.% NaCl, pC0,=0.8 bar).

. Ecorr Ba Bc icorr CR
Time {hour) mv) | mv) | mv) | maem?) | (mm/yr) %
2 h FeCO3 -740 116 160 0.1410 1.64 -
48 h FeCOs -697 113 141 0.0099 0.12 92.97
3 h FeCO5;— PAH polymer -708 116 148 0.0276 0.31 80.87
48 h FeCO3;— PAH polymer -685 87 136 0.0026 0.03 98.11

3.1.5. Electrochemical impedance spectroscopy
Aforementioned corrosion rate measurements illustrate the evolution of the dissolution of the steel
surface introducing PAH polymer at different times in a CO; environment. To provide further insight
into the corrosion mechanisms occurring at the interface, electrochemical impedance spectroscopy
measurements were utilised to understand the influence of PAH polymer on the corrosion behaviour
of X65 in the CO; containing medium. Specimens were subjected to corrosion for 48 hours in the
absence and presence of 100 ppm PAH polymer. Three critical times (4 h, 24 h and 48 h), where the
polarisation resistance had suddenly changed, were selected to investigate. Figure 8 displays the
Nyquist plots of the electrochemical impedance spectra at 4 h, 24 h and 48 h for specimens obtained
in the presence and absence of PAH polymer for the two-day immersion tests.

In the absence of PAH polymer, for the first 4 h of steel exposure, two time constants were
identified; a capacitive semicircle in the high—-medium frequencies range, and an inductive loop in
the low frequency range, as per Figure 8(a-1). The capacitive semicircle ascribes the active state of
the interface when steel was exposed to the CO,-saturated solution. The evolution of the impedance
signature characteristic of inductive behaviour observed at low frequency has been attributed to the
adsorption of an intermediate product on the steel surface [38].

Additionally, the inductive behaviour disappears with respect to corrosion time and the amplitude of
the loop, Figure 8(a2-3), increases indicating that the charge-transfer process slows down [39]. The
critical point appears approximately at 24 h of corrosion. The impedance characteristic of this
electrode surface is a capacitive reactance arc. According to equivalent electrical circuits for 24 and
48 h corrosion time illustrated in Figure 9(b), there is only one layer on carbon steel surface which is
the CO, corrosion product layer (FeCOs) consisting of Crecos and Rrecos in addition to the existing
structure that consists of electric double layer capacitance (C:) and transfer resistance (R:). These
parameters of the equivalent electrical circuit are listed in Table 5, where the resistances and
capacitances are illustrated in Figure 10(a). The resistance of FeCOs layer (Rrecos) increases
significantly with time from 24 to 48 h as the FeCOs grows on the steel surface, indicating a denser
FeCOslayer formation that influences the active sites of the steel [38]. The Ci, Crecos, Rt and Rrecos
magnitudes in Table 5 corroborate the corrosion rate reduction in time between 24 and 48 h of
exposure.

Figure 8(b-1 to b-3) depict Nyquist plots where 100 ppm PAH polymer is introduced at 2 h and 20 h
pre-corrosion. In comparison with its absence, PAH polymer at 4 h corrosion time increases the
amplitude of the loop, signifying the strong interaction of polymer with the steel surface. More
interestingly, the amplitude of the loops continues to increase with exposure time (24 and 48 h)
suggesting a positive synergistic influence of PAH polymer cooperating with steel surface as well as
FeCOslayer to reduce general corrosion, which is in consistent with achieved LPR corrosion
measurements in Figure 5(b) and surface analysis images discussed later.
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Moreover, the equivalent electrical circuits for FeCOs layer and FeCOs-PAH hybrid layer are depicted
in Figure 9. Formation of FeCOs layer in the absence of PAH polymer on steel surface after 48 h
showed an additional time constant, as per Figure 9(b), to the existed time constant for double layer
initially (Figure 9(a)). In the beginning of the test when PAH polymer was present at 4 h exposure
time, the surface reveals the existence of an extra layer on the steel surface composed of Cpay and
Reanadding to the existed double layer constant element (C: and Ry), as per Figure 9(c). At longer
corrosion times (24 h and 48 h), the equivalent electrical circuits depicted in Figure 9(d) suggest the
existence of one layer on steel surface, which implies a joint structure consisting of FeCOs layer and
PAH polymer, in additional to the electrical double layer. The values of equivalent electrical circuit
are presented in Table 5 and 6, while the resistances and capacitances are revealed in Figure 10. As
expected, the layers show higher values in resistance and lower values in capacitance with exposure
time. From Table 6 and Figure 10(b), it can be noted that the resistance of PAH layer alone at 4 h
corrosion time is much lower than of the resistance of the FeCOs-PAH hybrid layer measured at 24
and 48 h exposure time implying the addition of resistance by PAH to the resistance of available and
growing FeCOs; layer. When compared with resistivity of pure FeCOs layer in Figure 10(a), the FeCOs-
PAH hybrid layer shows higher resistivity (Figure 10(b)) indicating an enhancement in corrosion
protection corroborating with experimental results seen in Figure 6 and Figure 7 generated using the
LPR and potentiodynamic polarisation approaches.
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Figure 8. Nyquist plots of impedance diagrams for samples obtained for steel surface with FeCO3
layer (a-1 to a-3) and for steel surface with FeCOs— PAH polymer layer (b-1 to b-3). (pH=6.6, 60°C,
3.5 wt.% NaCl, pC0,=0.8 bar).
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Figure 9. Equivalent electrical circuit model for steel surface with FeCOslayer: at 4 h (a) and
for 24 to 48 h (b) of exposure time, whereas the model for steel surface with FeCO;— PAH
polymer layer: at 4 h (c) and 24 to 48 h (d). (pH=6.6, 60°C, 3.5 wt.% NaCl, pCO,=0.8 bar).

Table 5. Parameters of the equivalent electrical circuits at different corrosion times (4, 24 and 48 h)
for FeCOs layer on steel surface. (pH=6.6, 60°C, 3.5 wt.% NaCl, pC0O,=0.8 bar)

Time Rs Re Rreco3 C Creco3 e ne
(h) (Qcm?) | (Qcm?) | (Qcm?) (MF cm?)x104 (1F cm?)x10* ecos
4 6.514 207.1 - 6.62 - 0.756 --
24 7.038 726.9 8.9 4.06 2.16 0.574 0.919
48 7.265 1605 1874 3.01 1.99 0.757 0.903

Table 6. Parameters of the equivalent electrical circuits at different corrosion times (4, 24 and 48 h)
FeCOs— PAH polymer layer on steel surface. (pH=6.6, 60°C, 3.5 wt.% NaCl, pCO,=0.8 bar)

Tim R R Roan Rrecospan Ct Cpan Creco3-pAH
s t eCO3-| F -2 F -2 F -2 .
e(h) | (@cm?) | (Qem?) | (Qem?) | (Qcm?) ‘“x;:: ) (ux:;: ) (ux:(;: ) ne Nean | Mrecos.pan
4 7.11 489.4 170 - 4.42 1.89 - 0.615 | 0.884 -
24 7.28 3243 - 2687 1.51 - 1.86 0.705 - 0.904
48 7.68 3456 - 9712 1.43 - 1.82 0.963 - 0.851
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Figure 10. Resistance and capacitance of fitted equivalent electrical circuits at different corrosion times
(4, 24 and 48 h) for FeCOs layer (a) and FeCOs;— PAH hybrid layer (b) on the steel surface. (pH=6.6, 60°C,
3.5 wt.% NaCl, pC0,=0.8 bar).
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3.2. Surface analysis of FeCO3 and FeCOs-PAH layers
Figure 11 depicts the morphology of the corrosion product formed on carbon steel in the uninhibited
environment after 48 h (Figure 11(al-a3)) in conjunction with the hybrid FeCOs-PAH form after 48 h
when PAH is introduced after 24 h (Figure 11 (b1-b4)) and 34 h (Figure 11(c1-c3)) pre-corrosion time.
As shown in Figure 11(al-a3), the steel surface was well covered and packed with FeCOs crystals
after 48 h of corrosion in the uninhibited environment. In both experiments where PAH was
administered in the presence of a partially formed FeCOs layer, examination of the steel surface
(Figure 12(b - c)) revealed that the polymer was adsorbed onto both the bare surface and FeCO;
itself. The footprint of FeCOs crystals could be clearly observed under the transparent PAH polymer
layer (i.e. Figure 12(b3)). It is suggested that the amine and ammonium groups inside PAH polymer
are capable of complexation with iron atoms of bare steel as well as FeCOs crystal layer [40,41].
From there, the mechanism of adsorption on both sides uniformly are initiated. These observations
of complexation and adsorption mechanism are an ongoing investigation and not included in the
present study.

The micrographs also show that the extent of adsorption of the polymer is such that there is a
noticeable coverage across both the FeCO3; crystals and bare steel surface, hence this layer appears
to be visibly thicker than those associated with other, more common organic corrosion inhibitors for
CO; systems, which function through the creation of an adsorbed mono-layer or bi-layer. For
instance, using Atomic Force Microscopy a study showed that the thickness of imidazoline inhibitor
layer adsorbed bi-layer onto carbon steel is only a few nanometers (4 nm) [42]. However, the PAH
polymer layer is able to cover and/or fill the voids/crevices between crystals, essentially
interconnecting them to create a hybrid structure suggesting a stable interaction. It is assumed that
the presence of cracks in the PAH layer are an artifact of the removal process and are formed during
the post experiment drying process, as the polymer exhibits a gel-like state within the aqueuous
phase. This state is due to the presence of higher content hydrophobic part (backbone and allyl
group) in its chemical structure comparable with water soluble part (amine and especially
ammonium groups), as per Figure 1.
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Figure 11. SEM micrographs of the surface of carbon steel test specimen immersed for two days in (a) uninhibited
system, (b) the system containing 100 ppm of PAH polymer introduced at 24 h and (c) the system containing 100
ppm of PAH polymer introduced at 34 h (pH=6.6, 60°C, 3.5 wt.% NaCl, pC0O,=0.8 bar).

3.3. Focused ion beam-scanning electron microscopy (FIB-SEM)

investigation
Focused ion beam-scanning electron microscopy (FIB-SEM) was used to evaluate the thickness and
elemental composition of deposited layers, as well as insight into the hybrid film growth process.
Figure 12 shows the FIB-SEM micrographs of carbon steel specimens exposed to corrosion for 48 h.
Figure 12(al-a3) represent the uninhibited system, whilst Figure 12(b1-b5) are for the inhibited PAH
system where the inhibitor is introduced after 2 h and the experiment is allowed to run for a further
46 h. A distinct PAH polymer layer over an individual crystal exposed to the inhibited environment is
clearly visible from the FIB micrographs in Figure 12(b2, b3). The PAH polymer underneath the
deposited platinum layer, used to protect the surface structure from the beam, is adsorbed on both
carbon steel surface and the FeCOjs crystal, resulting in a FeCO3-PAH hybrid layer. In the same
manner, this adsorption mechanism is anticipated when PAH polymer is added at longer pre-
corrosion periods (24, 34 and 44 h), but with a thicker FeCO3-PAH hybrid layer since FeCOs had a
longer time to be well-established.

This finding confirms the previous topographical observations in Figure 11, that the PAH polymer
covers the carbon steel surface as well as FeCOjs crystals. The thickness of FeCOjs crystal layer in the
absence of PAH polymer is 5 to 8 um, whereas in the presence of PAH polymer is around 1 um. The
resulting FeCOs-PAH hybrid layers are composed of FeCOs crystals with thickness between 450 to
1000 nm and the top adsorbed PAH polymer with thickness between 50 to 500 nm. Obtaining FeCO3
fine crystals underneath PAH polymer layer potentially resulted from influence of PAH polymer on
FeCOs nucleation/growth mechanism, as similar impact was found during nucleation and crystal
growth of calcite [16]. FeCO;and CaCOs (calcite) are two isostructural minerals with rhombohedral
crystal structure. Kinetically, FeCOs exhibits a nucleation/growth mechanism analogous to CaCO;
(calcite) but orders of magnitude slower at comparable saturation [43].

It is worth mentioning that the adsorption of PAH polymer onto carbon steel surface and FeCO3
crystal layer implies the segregation of steel surface from the corrosion media as a physical
hydrophobic barrier leading to an instant reduction in corrosion process by time. This means the
further transfer of Fe2* ion from steel surface to the corrosion medium will be interrupted; hence
the precipitation and nucleation ratio will be unbalanced leading to slower crystallisation of FeCOs.
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Figure 12. FIB cross-section micrographs of carbon steel exposed to electrolyte (pH=6.6, 60°C, 0.3
wt.% NaCl, pC0O,=0.8 bar) for two days. (al-a3) is a blank while (b1-b3 and c1-c3) are in the
presence of 100 ppm PAH polymer added after 2 h of pre-corrosion.

Figure 13 displays SEM micrograph of a specific area and its EDX mapping of the FIB cross-section for
the test specimen exposed to 100 ppm PAH after 48 h with 2 h of pre-corrosion. From carbon
mapping micrograph, it was noted that PAH polymer covers the carbon steel surface including the
FeCOs crystals. Furthermore, the presence of FeCO3; underneath PAH polymer is supported from
mapping of iron and oxygen.
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Figure 13. SEM (magnification size: 25K X) and EDX mapping micrographs of a
selected area of FIB cross-section of carbon steel exposed to CO,-saturated
brine for 48 h containing 100 ppm of PAH polymer added after 2 h of pre-
corrosion (pH=6.6, 60°C, 3.5 wt.% NaCl, pC0O3=0.8 bar).

Further detailed analysis of the FIB cross-section is provided in Figure 14, showing a single FeCOs
crystal underneath the PAH polymer layer. This region was magnified and the resulting EDX line
scans through the crystal and PAH polymer layer is shown in Figure 14. The carbon line scan
indicates that the carbon content from the sides of the crystal is noticeably higher than within the
crystal, whereas the scans associated with oxygen illustrate the opposite trend. This is attributed to
the adsorption and presence of the PAH polymer over the FeCOs crystal. The iron line scan, however,
is higher from outer side of FeCOjs crystal which is due to the transparency and thickness of PAH
polymer layer from the sides of the crystals resulting EDX beam collecting iron content from carbon
steel surface. These observations are in alignment with SEM and FIB-SEM micrographs in Figure 11
and Figure 12 confirming that the portion of the steel surface is covered; so there is a reduction in
anodic/cathodic activity, and consequently corrosion rate, as displayed in Figure 7.
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Figure 14. SEM and EDX line scan of a selected area of FIB cross-section of carbon steel exposed to
COy-saturated brine for 48 h containing 100 ppm of PAH polymer added after 2 h of pre-corrosion.
Test conditions are pH 6.6, 60°C, 3.5 wt.% NaCl, pC0,=0.8 bar.

3.4. Localised corrosion

Due to the nature of the PAH polymer and its adsorption efficiency, it is anticipated that the addition
of the polymer would improve mechanical properties of FeCOs layer as a FeCOs-PAH hybrid layer,
hence enhance the protective properties of the layer in terms of general and localised corrosion. Data
in Table 7 depicts the extent of localised corrosion after 48 h of immersion testing with no PAH
polymer, as well as with the PAH polymer addition at 24 and 34 h respectively. Consistent with
previous work [45], the majority of the pitting in the investigated conditions occurs towards the latter
stages of the experiment. The observations demonstrate that introducing PAH polymer resulted in the
decrease of the total number of pits on the surface, as well as the pit depth. In comparison, a total of
126 micro-pits were found on steel surface with no PAH polymer after 48 h of exposure, whereas only
29 pits were found on the surface when the polymer was introduced in the system after 34 h of
immersion testing. As expected, the PAH polymer exhibits a positive impact on localised corrosion
retardation, with the pit depth decreasing from an average of 26 pm on sample with no polymer, to
an average of 20 um and 9 um when the polymer was added at 24 and 34 h in turn.

Table 7. Localised corrosion data for the tests with no PAH polymer and presence of PAH polymer
injected after 24 and 34 h. (pH 6.6, 60°C, 3.5 wt.% NaCl, pCO5=0.8 bar and 48 h)

48 h exposure time Average:‘lrlrj‘iameter, Averag:;Depth, Tc:;;:jln;zit
No PAH polymer 25.06 26.24 126
PAH polymer at 24 h 25.23 19.61 11
PAH polymer at 34 h 32.10 9.05 29
*Average of 10 deepest pits

More interestingly, pits found on the surface in the presence of PAH polymer appear to have narrower
diameters as it can be seen in Figure 15, with a decrease in depth after the injection of the polymer.
It was discovered that introducing PAH polymer at a later stage of exposure time, i.e. when there is
more FeCOs crystals on the metal surface, resulted in shallower pits, hence a less aggressive localised
attack. This highlights the synergistic effect of PAH polymer on corrosion process to be able to interact
with the corrosion product as well as steel surface. Such observations of PAH polymer are interesting,
as numerous investigations with more ‘conventional’ CO, corrosion inhibitors report pre-corrosion
and corrosion product formation having a detrimental influence on localised corrosion [12,13]. To
optimise the PAH polymer dosage/pre-corrosion time with regard to localised corrosion and galvanic
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interactions, the mechanism of localised corrosion retardation and galvanic corrosion

explored further.
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Figure 15. 2D pit morphologies after 48 h of immersion testing with no PAH polymer (a) and PAH
polymer added after 24 h (b). (pH 6.6, 60°C, 3.5 wt.% NaCl and pC0O,=0.8 bar).

In the presence of pre-formed corrosion products, it is reported that the CO; corrosion inhibitors
show poor general corrosion protection as well as promoting the localised corrosion [12,13]. To
explore the general and localised corrosion protection of PAH polymer in the presence of FeCO3
layer, the characterised corrosion rates extrapolated from LPR technique and localised corrosion
(total pit count and average pit depth) at the end of 48 h exposure time for pure FeCOs layer and the
hybrid FeCOs- PAH layer are plotted in Figure 16. Although the FeCO3-PAH hybrid layer shows a
slightly higher general corrosion rate compared with FeCOs layer alone, the PAH-FeCOs layer
demonstrates a drastic decrease in total pit counts and average pit depths offering a more efficient
layer for localised corrosion. This suggests that PAH polymer is adsorbed onto steel surface as well as
FeCOslayer available on surface, which is consistent with obtained findings for surface analysis in
Figure 11 and Figure 12. Hence, this data suggests that introducing PAH polymer at adequate stages
of pre-corrosion to produce a hybrid structure not only results in co-operation with the FeCOs layer
in reducing general corrosion but also retarding formation of new pits or growth of the pre-formed

pits.
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Figure 16. Comparison of corrosion rate values extrapolated from LPR investigation and localised
corrosion (total pit count and average pit depth) after 48 h of immersion tests for FeCOs layer and
hybrid layer, where PAH polymer was added at 24 and 34 h pre-corrosion. (pH 6.6, 60°C, 3.5 wt.%
NaCl and pCO3=0.8 bar).

3.5. Mechanical property characterisation
To compute the mechanical properties of studied FeCO3 and FeCO3;— PAH polymer layers, the
nanoindentation and scratch test was employed. The layers were developed for 48 h exposure time
in the absence and presence of PAH polymer added at 24, 34 and 44 h pre-corrosion.

3.5.1. Hardness and Young’s modulus
Figure 17 shows the characterised hardness and Young’s modulus for FeCOs;and FeCO;— PAH
polymer layers. Despite shorter exposure time in this study, the obtained hardness and Young’s
modulus of pure FeCOs layer in the absence of PAH polymer are comparable and consistent with our
published mechanical properties of general corrosion products [26]. The hardness of all layers stays
independent of administrating PAH polymer showing roughly constant values between 9 to 12 GPa.
Conversely, the Young’s modulus of developed hybrid FeCO3;— PAH polymer layers is enhanced by a
factor of 2 from values ranging between 100 and 250 GPa dependent on the pre-corrosion time of
the polymer injection. This is due to the fact that the PAH polymer is interacting with a thicker FeCO3
layer when added at later of the exposure time. Similar enhancement in shear stresses, discussed
later, dependent on pre-corrosion time of PAH polymer injection are obtained. A higher Young’s
modulus is usually obtained after a reduction in the material’s porosity and indicates higher
mechanical flexibility. This mechanical enhancement of the FeCOs;— PAH polymer modified corrosion
layers can be attributed to the adsorption of organic PAH polymer as shown from morphological and
FIB investigation in Figure 11 and Figure 12. Furthermore, the mechanical enhancement introduced
by PAH is also in the same order of magnitude when various PAH polymer entities are blended with
harder materials such as carbon nanotubes and graphene oxide [18,19,49]. A higher Young’s
modulus will help in resisting higher internal stresses and cohesive delamination that all corrosion
layers are subjected to while developing thicker during the growth of the crystals. Additionally,
improvement in the elasticity of the FeCOs layer is crucial since it provides the required tenacity and
resistance to harsh environmental stresses such as erosive wear. Ultimately, the developed FeCOs;—
PAH hybrid layer is anticipated to be able to withstand various flow effects. The malleability and
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elastic behaviour enhancement of FeCOs-PAH hybrid layer is in a close agreement with removal
shear stresses found during scratch test analysis discussed later. To explore the removal shear
stresses and durability of the hybrid FeCO3— PAH hybrid layer comparable with FeCOs layer alone,
scratch test was performed and outlined in the section 3.5.2..
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Figure 17. Investigated hardness and Young’s modulus for FeCOsand FeCO3;— PAH polymer layers,

where PAH polymer introduced at 24, 34 and 44 h exposure time (pH=6.6, 60°C, 3.5 wt.% NaCl,

pC05=0.8 bar, 48 h).

3.5.2. Scratch test analysis

Prior to scratch testing, the carbon steel specimens were corroded in CO,-saturated brine (48 h, pH
6.6, 60°C, 3.5 wt.% NaCl and pC0,=0.8 bar) to develop pure FeCOs and FeCOs-PAH hybrid layers,
where the polymer was added at different pre-corrosion times (24, 34 and 44 h). On these
specimens, a progressive load scratch was performed from 1 to 50 N, as per parameters listed
previously in Table 3, to determine the critical load required to remove the layers. After each scratch
test, the removal stages were determined using optical microscopy and SEM analysis. The
microscopical images of these progressive scratches are shown in Figure 18.
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Figure 18. Optical microscope images of progressive scratch test from 1 to 50 N on carbon steel
surfaces with protective layers: (a) pure FeCOs3 from uninhibited tests. (b, c and d) are FeCOs;-PAH
hybrid layers where the 100 ppm of PAH polymer was introduced at 24, 34 and 44 h of pre-
corrosion, respectively.

From the microscope images, it was noticed that the coexistence of PAH polymer with FeCO3 as a
hybrid layer on the surface required significantly higher forces in comparison with pure FeCO3, to
eliminate the layers on the surface of carbon steel. To charcterise the scratch tracks and determine
the precise radius of minimum damage, partial removal and full delamination on pure FeCO3 and
FeCO3-PAH hybrid layers, the morphology of surfaces was analysed further with SEM and EDX, as

shown in Figure 19.
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Figure 19. SEM images of progressive scratch test from 1 to 50 N on carbon steel surfaces with
protective layers: (a) pure FeCOs from uninhibited tests. (b, c and d) are FeCOs-PAH hybrid layers
where the 100 ppm of PAH polymer was introduced at 24, 34 and 44 h of pre-corrosion,
respectively.

From SEM topographical images, the bare surface of carbon steel becomes visible in a shorter
distance in the scratch test for pure FeCOs, (Figure 19(a)), while in the tracks of FeCOs-PAH hybrid
layers, the bare surface of the steel appears at longer distances, (Figure 19(b, c and d)).

To understand how the difference between noticeable damage, buckling failure and total
delamination was determined, a schematic illustration is provided in Figure 20(al-a3). The SEM
analysis, in combination with scratch test data analysis (discussed in the methodology section and
shown in Table 8), indicated that the minimum force to cause noticeable damage to pure FeCO;
layer was around 7.7 N, while for FeCOs-PAH hybrid layers was approximately 11 N. As the applied
load progressively increases, more damage is generated to all layers, until the buckling or adhesive
failure of pure FeCOs layer achieved at a load of 15 N. However, twice that load was required to
obtain buckling failure in the FeCO5-PAH hybrid layers. Furthermore, the detachment load of the
pure FeCOs layer was half of that required to detach the FeCOs-PAH hybrid layers from carbon steel
surface. All the related micrographs and loaded forces are presented in Figure 20 and Table 8,
respectively. The higher force of detachment for FeCOs-PAH hybrid layers in comparison with pure
FeCOs layer indicates that PAH polymer enhances the adherence force of FeCO; on carbon steel. This
is consistent with previous studies which showed that PAH polymer improved adhesion property in
mechanomutable materials [50] and enhanced tensile strength and Young’s modulus in graphene
oxide composite [18].

26



Noticeable damage

Buckling failure

Total delamination

>

Figure 20. SEM micrographs (magnigfication size: 100X) of scratch test specimens indicating
noticeable damage, buckling failure and total delamination. (a) schematic/illustration [51,52], (b)
FeCOs layer and (c, d, e) hybrid PAH-FeCOs layers, where 100 ppm of PAH polymer was added
after 24, 34 and 44 h of pre-corrosion, respectively.

Table 8. Determined loads of noticeable damage, partial removal and full delamination for FeCO3
and FeCOs-PAH hybrid layers.

Surface FeCO Hybrid layer 24 h | Hybrid layer 34 h | Hybrid layer 44 h
Parameter 3 pre-corrosion pre-corrosion pre-corrosion

Minimum force to create a
noticeable damage 7.7+0.75N 11+0.8N 13.3+0.47N 14+0.34N
(cohesive failure)
Load to partially remove
the layer (adhesive failure 11+0.51N 20.3+0.63N 21+0.38N 21.3+091N
critical load)
Load to totall th

0ad tolOtally remove the | 154077 N 31£0.9N 31£0.53 N 33£0.57 N

layer (full delamination)
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Another interesting finding was that the adsorbed PAH polymer content was higher in some areas of
surface than others. These high content PAH polymer areas resulted in the polymer exhibiting higher
resistance against the scratch load, as shown in Figure 21. From magnified SEM micrographs and
EDX elemental mapping in Figure 21, it is clear that the PAH polymer is still adhered and stretched
within the tracks of the scratch. The elemental maps characterise the dominant area of PAH polymer
inside and outside of scratch tracks. From these results it can be concluded that the resistive PAH
polymer was smeared onto surface due to the load but protects the FeCOs; crystals underneath from
buckling and removal. This adhesion character of PAH polymer is reported to improve the tensile
strength of lignocellulosic fibrous networks and graphene oxide composite [18,49].

100pm

Map Data 13

Cl

100pum

100um "00pm’
Figure 21. SEM (magnigfication size: 500X) and EDX mapping within the track
of the scratch test for a FeCO3-PAH hybrid layer on carbon steel.
3.5.3. Shear stress for cohesive failure, adhesive failure and full removal
The determined shear stresses for cohesive failure, adhesive failure and full delamination of FeCO3

and FeCOs-PAH hybrid layers are calculated, as explained in section 2.6.2, and presented in Figure
22.
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Figure 22. Summary of calculated failure shear stresses, using the Oliver and Pharr model, of

FeCO3 and FeCOs-PAH hybrid layers generated through the addition of 100 ppm PAH to the brine

solution after 24, 34 and 44 h of pre-corrosion.
From the shear stress analysis of Figure 22, the FeCOs-PAH hybrid layers withstood higher shear
stresses compared to those for the pure FeCO; layer. The minimal damage (cohesive failure) of
FeCOs layer was achieved at 164 + 5 MPa, whereas the shear stress to cause minimal damage in
hybrid films was 242 + 15 MPa. The shear stress to achieve adhesive failure point of FeCOs-PAH
hybrid layers was 100 MPa higher than that of pure FeCOj3 at the same point. Ultimately, the FeCOs-
PAH hybrid layer requires double the shear stress compared to that of the pure FeCOs layer for full
delamination, which is in consistent with Young’s modulus enhancement extent found for FeCOs-
PAH hybrid layer in section 3.5.1. These results suggest that the presence of PAH polymer produces a
hybrid film which is more adherent than the original FeCO; corrosion product layer, and that PAH is
able to significantly enhance the mechanical properties of an existing FeCOs layer.

In multiphase flow, the maximum determined wall shear stress of pipeline is of the order of 100 Pa
when investigated at ambient condition, while the highest practical wall shear stress of could be
expected to be of the order of 1 kPa [53]. The shear stress required for removal of an organic
corrosion inhibitor film on carbon steel has been widely investigated in the last two decades.
Gulbrandsen and Grana, for instance, utilised a jet impingement setup and found that the

CO; corrosion inhibitor performance was independent of flow velocity up to 20 m/s with a calculated
wall shear stress up to 1400 Pa [54]. In another study, the shear stress required to remove a tall oil
fatty acid imidazolium inhibitor from the steel surface was determined by AFM to be 50-100 MPa
[42], whereas the shear stress needed to scratch off the imidazoline film (4 nm) from carbon steel
was estimated to be in the range of 50 MPa [55]. In comparison with the aforementioned
conventional organic inhibitors, PAH polymer holds a higher removal shear stress of 150 MPa, which
is at least three orders of magnitude above the maximum shear stress obtained by realistic fluid flow
in pipelines (1 kPa) even under the most severe hydrodynamic conditions. These observations for
the PAH polymer are promising, but the effect of flow on layer removal and reformation should be
experimentally validated.

It should be stressed that the observed critical loads and shear stresses of pure FeCOs in this study
are lower than what were listed in literature [29,56,57]. The factors behind this disagreement may
vary. One strong reason can be the different corrosion condition parameters of which FeCOs was
developed, such as substrate composition, pH, temperature, duration of experiment, pCO, and
salinity. Another conceivable impact might be the method of formation of FeCOs. In previous work,
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FeCOs layer was deposited using higher initial levels of saturation in the bulk solution, while the
current study commences experiments with no Fe?* ions added to the solution during the
investigation duration. For instance, Prieto et al. [29], supplied extra ferrous ion (Fe?*) initially into
the bulk solution and the experiment was performed at 80°C, pH 8 and for three days. In comparison
with their results, the FeCOs in the current study is developed in lower temperature, pH, and
evolution time (Table 2). Consequently, these parameters and bulk chemical conditions play a key
role in the adhesion strength and density of the FeCOs crystal layer as a corrosion product, and
clearly require further investigation.

4. Conclusions

In this study, poly(allylamine hydrochloride) is applied as a multi-functional form of treatment to
reduce the degradation of carbon steel in CO,-containing aqueous environments. This is achieved
through the in-situ fabrication of a FeCOs-PAH hybrid layer on the carbon steel surface via the
introduction of PAH polymer part way through the formation of FeCOs3 on the steel surface. From
this study the following conclusions can be made:

e The FeCOs3-PAH hybrid layer acts as mixed-type corrosion inhibitor and has been shown to
provide adequate corrosion rate protection with corrosion rate values close to 0.1 mm/yr.

e The hybrid corrosion layer was shown to drastically reduce the localised corrosion attack as
depicted by the tenfold decrease in the number of pits but also the reduction in the pit
depth.

e The newly formed hybrid layer demonstrates better mechanical properties, mainly higher
Young’s modulus as shown by both nanoindentation and scratch test which implicates a
higher resistance to internal stresses and cohesive failures. It is anticipated that such
mechanical property enhancements will extend the lifetime of the protective FeCOs-PAH
hybrid layer.
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