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Abstract
Thiswork investigatesthe Corrosion Layer Accumulation Rate (CLAR) of iron carbonate
(FeGOs) onto X65 carbon steel in carbon dioxide containing environments using the
direct method of corrosion layer mass gain measurement. Gass cell experiments were
performed at 80°C and pH 6.3 or 6.8 over a range of bulk FeQ0Os saturation ratios using
both actively corroding carbon steel and steel pre-filmed with FeCOs. The CLARs obtained
from experimentsusing actively corroding samples displayed strong agreement with the
most recently developed precipitation model by Sun and Nesic at high supersaturation
for pH 6.3 and 6.8, but a disparity at low supersaturation for the solution at pH 6.8. The
observed discrepancy was attributed to the significant difference in surface saturation
ratio between the two conditionswhen the steel is actively corroding. CLARs determined
for pre-FeCOs filmed carbon steel show that the kinetics of FeQOz formation reduce
significantly once the film establishes a protective barrier at lower values of
supersaturation. The results highlight the contrast between surface layer accumulation
Kineticsin the early stages of growth and those encountered in the long-term after the

development of a protective film.

Key words: QO corrosion, iron carbonate, carbon steel, corrosion product kinetics,

corrosion layer accumulation rate.

1. Introduction
In GO, environments encountered during oil and gas production and transportation the
formation of iron carbonate (FeQOs) corrosion products on the internal walls of carbon

steel is a common occurrence. The development of this corrosion product can have a



significant effect on the dissolution behaviour of the underlying steel[1]. The layer
produced is able to reduce corrosion rates by over an order of magnitude in some
instances. The ability of FeCOs to achieve such a dramatic reduction in corrosion rate is
believed to be achieved through a surface blocking effect as a result of the crystals being
in direct contact with the steel substrate. However, it has also been suggested that the
layer acts as a diffusion barrier to electrochemically active species involved in the
cathodicreactions[ 2, 3].

Understanding the degree of protection afforded by the layer and its associated kinetics
of formation is of interest to corrosion engineers when developing a corrosion
management strategy. FeCOsz precipitation is achieved when the product of the
concentrations of Fe2* (iron ions) and COz2- (carbonate ions) exceed the solubility limit,

resulting in the following reaction:

Felly + CO34q) = FeCOsy (1)

The rate of development of FeCO;s, as well as the morphology and level of protection are
strongly associated with the kinetics of this reaction[3]. It has been suggested that
although crystallisation consists of a nucleation and growth phase, in the case of
heterogeneouscrystallisation,the overall kineticsare believed to bedominated by crystal
growth[3]. However, though this may be true for cases in which the solution is highly
super-saturated with FeCOs; (where induction times are rapid), this process could be
different in a scenario whereby the level of saturation isvery low at the steel surface and
the induction time is prolonged, as may be the case in certain oil and gas operating
scenarios.

The driving force for precipitation of FeCOz isthe supersaturation or saturation ratio (S
of FeCOs. Supersaturation isdefined as:

[Fe**]1[CO37]

A (2

where

Ksp = [Fe?*]q[CO3 ] eq (3



where[Fe?*] and[CO37] (in mol/ dm3) aretheferrousand carbonateions concentrations,
respectively and Ksp (in mol?/ dm®) is the solubility product for FeQOs. [Fe**],, and
[C057]., are the equilibria concentrations of the ferrous and carbonate species. It is
worth noting that typically, activities of species are used in Equation (2) as opposed to
specie concentration. However, the concentration of Fe2* and C0z2- can be used when the

effect of ionic strength isintegrated into Ksp models.

Dugstad[4] suggested that a ‘high degree’ of supersaturation is necessary in the bulk
solution to obtain appreciable levels of FeCOs formation on the steel surface. However,
more recent studies have indicated that enough surface deposition to provide
suppression of carbon steel corrosion rates can occur in systems with a bulk saturation
below 2 [2,5-7].

In principle, thereexist two stepsinvolved in the precipitation processes; nucleation and
particle growth. Theoretically, two scenarios can be encountered for FeCO;z precipitation;
either nucleation followed by growth, or nucleation followed by nucleation and growth.
In previous research, different laboratory-based techniques have been implemented to
determine FeCOz precipitation/ accumulation kinetics, ranging from measuring the
dissolved ferrousion concentration change in the bulk solution (such asin the work by
van Hunnik et al.[8]) to evaluating the growth of FeCOz onto well characterised seed
crystals (asin the work by Johnson and Tomson and Greenberg and Tomson[9-11]),to0 a
more recent study by Sun and Nesic[3] involving direct corrosion layer mass gain

measur ements.

Each of the aforementioned authorshave proposed their own semi-empirical expressions
for the kinetics of FeCOs; formation as a function of supersaturation and temperature.
However, arguably the most accurate model developed to date is the corrosion layer
accumulation rate (CLAR) model proposed by Sun and Nesic[3]. In their research, Sun
and Nesic showed that the most reliable technique for determining the kinetics of FeCOs3
formation onto steel substrates was the direct method of corrosion layer mass-change
measurement. They also highlighted that the approach of previous experimental
methodologies adopted by other authors meant they could not be applied to corroding
steel surfaces, and/ or greatly over-estimated the level of FeCOs; deposition onto the
substrate. Sun and Nesic also made the distinction between the precipitation rate and the

CLAR, identifying that not all FeCOs which precipitatesin the system ends up on the steel
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surface. This is a concept that will be discussed later, but it is important to make the
distinction here that from this point in the paper onwards, precipitation rate (PR) will
refer to precipitation asa whole (i.e. the rate of FeCOs formation in the whole system; in
the bulk solution and at surface) while CLAR refers to the rate of formation exclusively
on the corroding or pre-filmed steel surface (which isthe main focus of interest from an

oil and gasindustry perspective).

Perhaps most importantly within the work by Sun and Nesic[3], the importance of local
supersaturation at the corroding steel surface was discussed, alongwith therolethis may
play ininfluencingthe CLAR characteristics. By considering FeCOz nucleation and growth
onto a corroding steel sample as well as a non-corroding stainless steel sample as a
function of different bulk values of supersaturation, they were able to show that the CLAR
of FeQOs is not exclusively controlled by the bulk solution chemistry, and that surface
concentration of speciesisimportant for actively corroding surfaces (a concept eluded to
by van Hunnik et al.[8] during the development of their model). Experiments performed
at a supersaturation of 60 at 80°C and pH 6.6 produced no nucleation and growth of FeQ0O3
on stainless steel, whereas a substantial film developed on mild steel under the same
operating conditions. However, it must be noted that the two surfaces of are not entirely
comparable with one another i.e. stainless steel is not entirely analogous to non-

corroding carbon steel surface. Nonetheless, they raise an interesting point of discussion.

Qurrently, all FeCOs precipitation models (or CLARmodels, dependingon the authorsand
their adopted methodologies) available within literature are expressed as a function of
bulk supersaturation, not the local conditions/ supersaturation at the steel surface. From
the perspective of accurately modelling such a process, this makes little sense. Although
the bulk supersaturation is undoubtedly important in the film formation process, Fe2* is
produced at the surface of a corroding carbon steel sample, while H* ions are consumed
on the steel surface (or theiron carbide (FesC) layer isthisis present). The corrosion of
carbon steel resultsin a higher pH at the steel-electrolyte interface, with this behaviour
being confirmed both computationally[12, 13] through numerical simulation and
experimentally viathe use of a mesh capped pH electrode positioned in the near—surface
region[14]. The high local pH increases COs2- concentration at the surface[13], meaning

less Fe2+ ions arerequired to locally exceed the solubility limit of FeCOs.



Considering that the steel is corroding, the concentration of Fe2* is greater at the surface
compared to the bulk solution. This effect, coupled with the higher local COs%
concentration results in increased supersaturation at the steel-electrolyte interface. It is
therefore theoretically possible to achieve FeQOs formation locally at the steel surfacein
a solution when the bulk solution is under-saturated. Considering this notion,
determining the bulk solution chemistry along with surface corrosion rates/ reactionsis
critical to understanding and predicting the rate of FeCOs; formation. It is also important
to understand the nucleation and growth kinetics of FeCOs throughout the wholelifecycle
of a corroding surface. Thisincludesfrom when the surfaceis clean,when thereisa build-

up of a layer and when a well-established and protective film exists.

In this paper, the CLAR of FeCQ:s is characterised on both an actively corroding surface
(i.e.duringtheearly stages of corrosion product growth wherethereisa flux of Fe2*ions
from the surface) and onto a well-established, protective FeCOs film (i.e.representing the
long-term growth rate when the production of Fe2* from the surface is significantly
reduced by film formation). The latter approach is a technique which has not been
conducted before within literature. The purpose of the work is to establish how FeCOs
kinetics shift as the film transitions from actively corroding to a system where there is
minimal corrosion as a result of full coverage of a protective film. The study here is
conducted under static conditions with slight agitation of the test solution using a
magnetic stirrer to enable fair comparison with the previously generated prediction
model of Sun and Nesic[3] under similar hydrodynamic conditions. It isalso important to
stress here that these observations are applicable to environments where no corrosion

inhibitor isadministered to the system.

2. Experimental Procedures

All experimentswere performed in a glass cell as shown in the schematicin Figure 1.
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Figure 1: Schematic of test cell for CLAR and electrochemical experiments
A COz-saturated 3.5 wt.% Nad solution was used in all experiments which was agitated
through the use of a magnetic stirrer set at 250 rpm. The pH was controlled in each
experiment at either 6.3 or 6.8 through the addition of sodium hydrogen bicarbonate
(NaHGOs) and GO, was bubbled into the solution for 12 hours before the experiment to
deoxygenate the solution. GO, was also bubbled into the test vessel duringtheentiretest
to maintain saturation. Two main types of experimentswere performed. These consisted
of either 20 h experimentsto nucleate and grow reproducible and protective FeCOs films
on the X65 steel surface, or short duration (2 hours) experiments to evaluate FeQOs
CLARs at different levels of initial bulk supersaturation (ranging from 0 to 200). In all
experiments the surface area to volume ratio was maintained at 4.9 cm?2 per 1L of
electrolyte. The X65 carbon steel sampleswere all cut from a 25 mm diameter stock bar
which possessed aferritic-pearliticmicrostructureasshown in Figure 2. The composition
of the steel is also provided in Table 1. The methodologies adopted for each of the two

experimental stages are outlined in the following sections.

2.1 20 hoursfilm growth experiments

The overall aim of the research was to compare and contrast the CLAR of FeCOz onto a
freshly ground, actively corroding steel and a steel surface pre-filmed with FeCOs to
simulate early and late kinetics during the film formation process. To achieve the latter,
it was necessary to generate protective FeCOs films on a steel surface which had a

reproducible mass. For these experiments, wet-ground X65 steel samples wereinserted



into a COz-saturated 3.5 wt.% Nad brine at 80°C and pH 6.8. Prior to immersion in the
test solution, the samples were wet-ground with 600-grit silicon carbide (SC) paper,
rinsed with ethanol and degreased with acetone. No initial addition of Fe2* ions was
performed at the start of these experiment and exposure of the steel sample to the test

solution for 20 h ensured the formation of a protective FeCOs film.

To determine the FeCOz mass at the end of the 20 h experiment, the mass gain technique
was implemented. Thiswas conducted by recording the mass of the coupon directly after
the experiment with and without the presence of the FeCOs layer. The FeCOs corrosion
product was removed using Garke’s solution (prepared by combining 20g antimony
trioxide (S203) and 50 g stannous chloride (Shd2) with 1L hydrochloric acid (HQ) at
room temperature) and the difference between the two recorded masses provided the

mass of FeQOs on the steel surface.

Electrochemical measurements were also performed on the steel samples to determine
InStu corrosion rates. Wires wer e solder ed to the back of each sample before embedding
In a non-conducting resin. Again, the exposed area of the sample was 4.9 cm2. Thein-stu
corrosion rate was followed using the linear polarisation resistance technique with a
conventional three-electrode cell consisting of the steel sample, a Ag/ Agd reference
electrode and a platinum counter electrode. The steel sample was polarised £15 mV
about the open circuit potential (OCP) at a scan rate of 0.25 mV/ s every 10 minutes to
produce a polarisation resistance which was subsequently corrected for solution
resistance (determined using Electrochemical Impedance Soectroscopy) to produce a
charge-transfer resistance (Rct). Thisvaluewasthen converted into a corrosion rate using
the Sern-Geary relationship (Equation (4))

i B i_ i ﬁaﬂc (4)
€T " R Ry 2.303(B, + Be)

where B is the Stern-Geary coefficient, a is the magnitude of the anodic Tafel constant
and ¢ isthe magnitude of the cathodic Tafel constant. The value of icorr Wasthen used in
conjunction with Faraday’s Law and an appropriate conversion factor (Equation (5)) to

obtain the corrosion kineticsin mm/ year over the 20 h experiment.



- KicorrMFe (5)

CR
nFp

where K is a conversion factor to obtain corrosion rate (CR) in units of mm/year (K =
3.16x10%), Mreisthe molar massof iron (55.8 g), nisthe number of electronsfreed in the
corrosion reaction (2 electrons), p isthedensity of steel (7.87 g/ cm3) and Fisthe Faraday

constant (96,485 coulomb/ mole)

Tafel polarisation measurements were performed to determine the effect of the FeCOs
film on the anodic and cathodic reactions and enable appropriate valuesto be used for a
and Bcinthe Sern-Geary relationship. These experimentswer e conducted at 2 hoursand
20 h and wer e not used for subsequent experimentsasthe polarisation may haveinduced
changes in the morphology and/ or quantity of FeCOs; accumulated on the steel surface.
At the end of the 2 hours or 20 h test, either an anodic scan or cathodic scan was

performed by polarising from OCPto +150 or -400 mV, respectively.

2.2 2 hours CLAR experiments onto wet-ground ground and pre-filmed samples

Short term experiments over 2 hourswere conducted to establish CLARs as a function of
bulk supersaturation. This consisted of inserting either wet-ground steel or pre-filmed
samplesinto a QOz-saturated 3.5 wt.% Nad 80°C solution at either pH 6.3 or 6.8.In these
experimentsaninitial supersaturation of between 0 and 200 was established through the
addition of Fe2*ionsin the form of a deoxygenated ferrouschloride solution (Fed2-4H-0).
After 2 hours exposure of the sample to the test solution, the total mass of FeCOz on the
steel surface was obtained using the mass gain technique previously discussed. In the
case of the pre-filmed samples, the estimated, average repeatable mass recorded in the
first stage of the test was subtracted from the total mass measured in these experiments
to produce a mass gain over the 2 hourstest only. This enabled the CLAR onto the pre-
filmed sample to be established and compared with CLARs onto the corroding, wet-
ground steel surface. Further details of the mass gain methodology and the equations

implemented can be found in publications by Sun and Nesic[3] and de Motte et al [15].



Figure 2: Microstructure of API 5L X65 depicting a ferritic-pearlitic structure;
Surface preparation consisted of polishing the surface using 3 um diamond
suspension to attain amirror finish, followed by etching in a 2% nital solution for
10 to 20 seconds

Table 1: Elemental composition (wt.%) of APl 5L X65 carbon steel

C S Mn P S Cr Mo Fe

0.12 0.18 1.27 0.008 0.002 011 0.17 Balance

3. Results and Discussion

3.1 A ARonto a wet-ground steel surface

The initial tests performed considered CLAR onto wet-ground, corroding X65 carbon
steel surfaces at pH 6.3 and pH 6.8 at 80°C over a range of supersaturation values from
~0to 200. The Fe2* concentration required for each desired initial saturation value was
determined using Equation (2). According to the bulk equilibrium calculations based on
the CO;-H20 system at 80°(J 15], the G032 ion concentration can be calculated to be 7.70
x 10-°> mol-dm-3 for pH 6.8 and 7.70 x 106 mol-dm-3 for pH 6.3. The value of Ks, was
determined to be 1.58 x 10-> mol2dm- using the model proposed by Sun and Nesic which

isa function of temperature aswell asionic strength as shown in Equation (6).

63
+ 24572410g,,(Ty) + 2.518]°5

logK,, = —59.3498 — 0.041377T), — T ©

— 06571



The level of supersaturation was determined at the very beginning and the end of each
mass gain experiment using spectrophotometry. The arithmetic mean of these values and
their total range were used to establish correlations with the recorded CLARSs.

The first set of experiments conducted using actively corroding steel were performed
without the initial addition of Fe2*ions at pH 6.3 and 6.8. Figure 3 shows SEM images of
the X65 carbon steel samples exposed to each pH at 80°C after 2 hours. At the end of each
experiment, the bulk supersaturation wasrecorded at ~0.5 and ~1.5 for pH 6.3 and 6.8,
respectively. The images indicate that accumulation of FeCOs occurs on the steel surface
in the static system at very low levels of bulk supersaturation, and even when bulk
supersaturation is less than 1 in the case of pH 6.3. These initial observations already
suggests surface concentration isimportant in the context of FeCOs surface accumulation
asthe bulk conditions are not thermodynamically favourable for nucleation and growth
of FeCOs at pH 6.3, yet FeCOs crystals were visible on the steel surface.

HL MD5.1 x1.0k 100 um HL MD5.1 x1.0k 100 um
(a) (b)

Figure 3: SEM images of wet-ground X65 carbon steel samples after exposure for
2 hours in a 3.5 wt.% Nad CO:-saturated solution at 80°C with an initial
supersaturation (S) of 0 at (a) pH 6.3 and (b) pH 6.8

Figure 4 shows the SEM images of the wet-ground steel surfaces when exposed to
solutions with an initial bulk supersaturation of 50, 100 and 150 at pH 6.8 and 80°C for 2
hoursat pH 6.8. Increasing the bulk supersaturation clearly increases the CLAR of FeCOs,
demonstrating that the bulk supersaturation influences the formation of the corrosion

product. What becomes evident from analysis of the SEM images is that as bulk
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supersaturation increases, the number of crystals increases and the average crystal
diameter decreases. This can be explained by considering the relationship between
crystal nucleation and growth processes and supersaturation. Nucleation rate is known
to increase exponentially with supersaturation, whilst growth varies linearly[16].
Consequently, as supersaturation rises, there is a significant increase in nucleation rate
(more so than that associated with crystal growth) which results in the development of
numerous, smaller crystals as a greater proportion of the Fe2* ions contribute towards
nucleation as opposed to growth. Furthermore, confirmation that the crystals developed

on the steel surface areindeed FeCOs is provided by the XRD patterns shown in Figure 5.
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Figure 4: SEM images of wet-ground X65 carbon steel samples after
exposure for 2 hours in a 3.5 wt.% NaQ CO:-saturated solution at pH 6.8
and 80°C with an initial supersaturation (S) of (a)/(b) S=50,(c)/(d) S=

100, (e)/ (f) S=150.
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Figure 5: XRD patterns of wet-ground X65 carbon steel samples after exposure for
2 hours in a 3.5 wt.% Nad CO.-saturated solution at pH 6.8 and 80°C with initial
supersaturation (S) of 50,100 and 150.

3.2 A_ARs onto wet-ground surface and comparison with existing models

Mass gain measurements were conducted on wet-ground samples at pH 6.3 and 6.8
acrossarangeof initial supersaturation valuesfrom 0to 200. The CLARsdetermined over
thefirst 2 hoursof exposure are plotted in Figure 6 against the average of the initial and
final bulk supersaturation in each experiment determined using the Fe2* concentration
measured with the aid of spectrophotometry. Figure 6(a) shows the variation in bulk
supersaturation over the test duration using horizontal error bars and compares the
CLARs measured here with two of the existing semi-empirical models from literature,
whilst Figure 6(b) shows the CLARs in the absence of horizontal error bars and other

models for the purpose of clarity.

Four semi-empirical growth rate expressions for FeCOs precipitation exist in literature

which take the form shown in Equation (7).

A
PFeCO3 = krvar (7)

where k; is a kinetic constant (in the form of a temperature dependent Arrhenius

function), A/ V is the ratio of surface area (of seed crystals or steel sample) to solution
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volume, o is the driving force and r is the reaction order. The four models in question
have been developed by Greenberg and Tomson[9, 10], Johnson and Tomson[11], van
Hunnik et al.[8] and Sun and Nesic[3]. Table 2 provides a detailed description of each of
the four models which is extracted from a review paper by Barker et al [17]. It must be

stressed that all models predict precipitation ratesin mol-m-3s.

To summarise each model’s development, the methods employed by both Greenberg and
Tomson[9, 10] and Johnson and Tomson[11] involve the estimation of precipitation rate
through the measurement of the change in Fe2* concentration in the bulk solution. The
systems considered by both sets of authorsinvolved low levels of supersaturation where
the growth was evaluated on well characterised seed crystals suspended in a bulk

solution.

The method of van Hunnik et al[8] also relied upon the measurement of Fe2*
concentration. However, these experiments determined the initial deviation of Fe2*
concentration increase once the system passed through the pH corresponding to the
solubility of FeCQOs. The tests by van Hunnik et al[8] used a corroding steel pipe surface
asthe substrate.

The experimental technique implemented by Sun and Nesic[3] invoked the direct
measurement technique to determine FeCOs accumulation onto a corroding carbon steel
surface. This was achieved by measuring the mass gain of a FeCOs covered sample (the
same technique adopted in thiswork). Seel sampleswere placed in a deoxygenated Nad
solution and ferrous chloride was added to create specific levels of FeCOz saturation.
After removal, samples were dried and weighed, followed by removal of the corrosion
product layer using Aarke’s solution before being weighed again. The differencein mass
was then used along with the exposure time to determine a CLAR, (which could also be

expressed as a precipitation rate), as shown in Table 2.
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Table 2: A summary and comparison of the four available FeQOs precipitation models available in literature -adapted from

Barker et al.[17]

Greenberg and Tomson

Jhnson and Tomson

Van Hunnik, Pots and Hendriksen

un and Nesic

Summary Crystalswere pre-grown in an anoxic Crystalswere pre-grown in an anoxic Experiments were performedin a flow Experiments were performed in a glass cell.
environment and washed to remove environment and washed to remove loop under anoxic conditions. Seel samples were placed in a deoxygenated
counter-ions. Consequently, well counter-ions. Consequently, well L L ) saline solution. Ferrous chloride was added to
characterised seed crystalswereused ~ characterised seed crystals were used as a Precipitation kineticswere determined ¢y eqte 5 specific level of FeOOs saturation.
asa substrate. substrate. by using thetradl_tlonal (|nd|rect)_ '

technique which involves measuring Sampleswereremoved at regular intervals.
Precipitation kineticswere determined  Precipitation kinetics were determined by Fe2+ concentration change. Therate was L .
by using the traditional (indirect) using the traditional (indirect) technique determined from theinitial deviation PreC|p|t'at|0n ratewa; determlne_d by
technigque which involves measuring which involves measuring Fe2* from the linear increase of the Fe2* measuring the mass difference with and
Fe2* concentration change. concentration change. concentration after the saturation point ~ Without the FeCOs layer.
o L - A ) was exceeded.
Precipitation wasinitiated by raising Equilibrium was established over 48 hours,
pH by lowering the CO, partial pressure  then temperature was ramped, with
inthe system. samples beingremoved from the reaction
vessel every 30 mins.
Substrate FeQOs seed crystals FeQOs seed crystals Steel pipe surface Seel coupons
Solution Deoxygenated water Deoxygenated water Deoxygenated 1 wt.% Nad solution Deoxygenated 1 wt.% Nad solution

Precipitationrate
(Ppec ,) (mol/ m3/s)

A
erar L, (VS - 1]°

A
enir LK, [V - 1]’

a,-EA 1
e RT;KSP(S—].) (l—g)

ag-LA
e RTVKSp(S -1)

Solubility product, Ksp
(mol2dms)

log(K,p) = —59.2385 — 0.041377(Ty)
21963
Ty
+ 24.57241log(Ty)

—30140

log(K =—o.4343(7
09 (Ksp) 8.314(Ty)

+ 36.22)

No K value identified, therefore Sun
and Nesic Ks value used in calculations
asthisisthe most recent model
proposed in literature

log(K,p) = —59.3498 — 0.041377(Ty)
21963
Ty
+ 24.5724log(Ty)
+ 2518(1°5) — 0.657(1)

Constant, Ao 444 56.3 524 282

Activation Energy, E 95.8 127.3 119.8 64.9

(k3 mol)

Area, A Area of crystals surfaces Area of crystal surfaces It is not clear from the paper whether Areareferstothat of the corroding sample
the area used was deter mined from
crystal size or from the area of the
corroding electrode

Volume, V Volume of solution Volume of solution Volume of solution Volume of solution
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Figure 6(a) shows the CLARs determined at pH 6.3 and 6.8 in comparison to the van
Hunnik et al. and Sun and Nesic models which have been adapted to produce units of
mol-m-2s1, As stated previously, the Greenberg and Tomson, as well as the Johnson and
Tomson precipitation models are both determined by evaluating the growth of FeCOs
onto well characterised seed crystals and previouswork by Sun and Nesic identified that
these models should not be used as they consider homogeneous precipitation with no
steel substrate involved. It is also important to note that neither Greenberg and Tomson
nor Jhnson and Tomson explicitly stated in their publications that these kinetic
expressions can or should be applied to a corroding steel surface in a GO, environment.
With thisin mind, both the Greenberg and Tomson and Johnson and Tomson modelshave

been excluded from this comparison.

In terms of the van Hunnik et al. model, this expression can be used to determine the
CLAR. Again, the precipitation rate determined by this model in Table 2 is expressed in
mol-m-3s1. However, Gulbrandsen[18] indicated that the van Hunnik model can be
rearranged to produce a precipitation rate per unit area(mol-m-2s?):

%4 E 1
ZPFeCO3 = ApeRTKsp(S - 1) <1 - E) (8)

Nonetheless, this expression still assumesthat all precipitated FeCOs in the system ends
up accumulating on the steel surface, a notion which is known to be untrue. Thisrelates
back to the fact that a distinction needs to be made between the precipitation rate (i.e.
total formation of FeC0s) and the CLAR (i.e. relating to the quantity of FeCOs on a steel
surface). Thisdistinction hasbeen made by Sun and Nesic,and in light of thisobservation,
Sun and Nesic [44 proposed a new semi-empirical expression for the CLAR, founded on

their direct mass-change results:

E
CLAR = ™ RT K, (S — 1) ()

where CLAR is the corrosion layer accumulation rate in mol-m-2s1. This equation takes
the same form and uses the same constants as that developed by Sun and Nesic in Table
2. However, the A/V ratio is omitted from this equation to make it applicable to a
corroding steel surface. If all Fe2* ions that precipitate from the solution end up on the
steel surface, then the precipitation rate (Precos) IS equal to the CLAR corrected for the
Al Vratio:

16



A 10
Preco, = 37 CLAR (10)

Using the two rearranged expressions developed by van Hunnik et al. and Sun and Nesic,
the two CLAR models are compared against the collected data in Figure 6(a).
Unfortunately, it was not clear in the publication by van Hunnik et al. as to which
correlation was used for Ksp. Therefore, the correlation by Sun and Nesic in Equation (6)
was used, both with and without the ionic strength expression to highlight the sensitivity
of the model. For the Sun and Nesic CLAR model, the corresponding Ksp model in Table 2

was used.

Referring to Figure 6(a), all models demonstrate an increase in CLAR with
supersaturation (as expected), but the predictions span well over two orders of
magnitude. In the case of the van Hunnik model[8], although experiments were
performed on a corroding steel pipe, the implementation of the Fe2* concentration
measurement implicitly assumes that the entire amount of FeZ* lost in the solution is
associated with FeCOs deposition onto the steel surface, something which was
demonstrated to be untrue by Sun and Nesic[3] as FeCOs is also able to precipitate out
into the bulk solution as well as onto the steel surface. Consequently, the model of van
Hunnik et al.[8] results in an over-estimation of FeCOz precipitation rate at high

saturation levels, regardless of the solubility product implemented.

For experiments performed at pH 6.3 across all supersaturation values and at pH 6.8 at
high supersaturation, strong agreement is obtained with the CLARs determined by the
un and Nesic model[3]. This model was founded based on experimental data gathered
using the weight gain method in an identical processto that conducted in this research.
Sun and Nesic showed conclusively that the implementation of the weight gain technique,
although more cumbersome, offers a more realistic interpretation of the deposition rate
onto a corroding steel surface. However, the model developed does not correlate as

strongly at low supersaturation with the experiments performed in thiswork at pH 6.8.
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Figure 6: Measured CLARs for FeCOs for supersaturation levels from 0to 200 at a
temperature of 80T at pH 6.3 and 6.8 onto wet-ground X65 steel (a)in
comparison to four models in literature and (b) plotted separately for clarity.
The reason behind this substantial difference in CLARs determined at pH 6.3 and pH 6.8
at low supersaturation can be attributed to the disparity in surface supersaturation at

each pH. Particularly in static or low flow rate systems, the surface conditions can be
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vastly different to those of the bulk solution[13]. Despitethetestsat pH 6.3 and 6.8 having
thesameinitial bulk supersaturation,the extent towhich the solubility islocally exceeded
at the surface of the corroding steel is likely to be significantly different, particularly at
low levels of bulk supersaturation. Based on previous research under identical
conditions, the initial corrosion rate of the X65 steel surface at pH 6.3 and 6.8 is very
similar (peak corrosion rates of ~1.2 vs 1.0 mm/ year for pH 6.3 and 6.8, respectively).
This suggests that the surface flux of Fe2* and consequently, the concentration of Fe2* at
the steel surface arevery similar at each pH. However, at pH 6.8, approximately one order
of magnitude less Fe2* ions are required to obtain saturation of the bulk solution with
respect to FeCOz; compared to pH 6.3 due to the difference in bulk G0z2- concentration
between the two systems. This essentially meansthat for a low bulk supersaturation, the
initial supersaturation at the surface of a corroding steel surface would be significantly
greater in a pH 6.8 solution compared to a pH 6.3 solution. This results in substantially
faster surface deposition being observed at high pH, particularly at lower levels of bulk
saturation, implying that the surface condition is dominating the CLAR process at low

supersaturation, agreeing with the observations of Sun and Nesic[3].

As the bulk supersaturation increases, the dominance of FeCOz formation shifts from
being significantly influenced by the corrosion process, to being controlled more by bulk
supersaturation (as the percentage difference between the bulk and surface
supersaturation decreases for each set of conditions). Here there isa convergence of the
two CLARs at pH 6.3 and 6.8 where the bulk condition appears to have the overriding
effect of controlling the kinetics. The results here reflect the fact that the surface
concentration of species has a significant effect on the CLAR at low bulk supersaturation
(in thisinstance, below a bulk supersaturation of ~60), and that accurate prediction of
the kinetics of formation need to consider local saturation valuesif saturation level in the
bulk solution is low. Figure 6(b) shows the deviation between the two CLARS more

clearly, particularly at lower values of saturation.

3.3 Generation of protective film with reproducible mass

Experiments were conducted in order to grow a reproducible, highly protective FeQOs
film which could then be exposed to conditionsidentical to those in the previous section.
This enabled determination of the difference in CLAR for that onto a corroding wet-

ground steel compared to a fully developed, protective corrosion product.
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Figure 7 showsthe corrosion rate response of X65 steel when exposed to 3.5 wt.% Nad
at pH 6.8 and 80°C, along with the Tafel response after 2 hoursand 20 h. In Figure 7(a),
the growth of FeCOs crystals suppresses the corrosion rate from ~1 mm/ year to below
0.05 mm/ year, significantly limiting the flux of Fe2* from the steel surface. Figure 7(b)
shows that this suppression of corrosion is achieved by reducing the kinetics of both the
anodic and cathodic reaction. Average values for anodic and cathodic Tafel slopes (aand
Bc) after corrosion product formation were determined to be 605 mV/ decade and
123+6 mV/ decade (producing a Sern-Geary coefficient of approximately 17.5+1.3, as
shown in Table 3 along with the OCP and i« Values), agreeing well with the theoretical
values reported by Nesic et al.[19] at a temperature of 80°C. The average Tafel slopes
values were used in conjunction with Equations (5) and (6) to express the transient
charge-transfer resistance values measured using the Linear Polarisation Resistance

technique ascorrosion ratesin mm/ year.
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Figure 7:(a) Corrosion rate (black solid line) and OCP (red dashed line) vs time
and (b) Tafel polarisation after 2 hours (red dashed line) and 20 h (black solid
line) for X65 carbon steel exposed to 3.5 wt.% Nad at pH 6.8 and 80°C

Table 3: Data extracted from Tafel measurements after FeCOsfilm formation

Ba(MV/ decade) B (mV/ decade) Stern-Geary OCP (mV) I corr
coefficient (B) (mA/ cm 2
6045 123+6 175413 -0.69 0.0025

Figure 8(a) shows and SEM image of the X65 steel surface at the end of the experiment

shown in Figure 7(a) and indicates that in excess of 95% of the surface is covered by
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FeQOs crystals, while the diffraction pattern in Figure 8(b) confirms the crystallographic
structure of the corrosion product. Figure 9 indicates that the layer has a reproducible
mass after multiple experiments, which was important given that additional CLAR
experiments were conducted directly onto these established layers, and a high level of

accuracy was required.
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Figure 8: (a) SEM image of FeCO:s film formed on X65 steel after 20 h of immersion
in 3.5 wt.% Nad brine at 80°C, (b) XRD pattern from steel surface after
immersion
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Figure 9: Mass of FeCOs layer on X65 steel after 20h; CO,-saturated 3.5 wt.% Nad
solution and 80°C and pH 6.8

34 CLARonto established FeCOs films

Figure 10 showsthe CLARs onto the wet-ground steel surfaces compared to growth onto
FeQO:s filmed steels as a function of supersaturation. CLAR tests were conducted under
the exact same conditions at pH 6.8 and 80°C for a period of 2 hours. At low S the CLAR
onto the established FeQOs film is far less favourable due to the lower surface
supersaturation and the diminished Fe2* production from the steel surface. These
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observations are in agreement with Sun and Nesic[3] who stated that at low
supersaturation, the CLARis strongly affected by the corrosion rate of the steel surface.
Although the same bulk supersaturation values can be obtained in each scenario at
different levels of pH, for a corroding steel surface, the supersaturation at the steel
surface will be dramatically higher for the higher pH system. This difference is likely to
be intensified as pH increases if the corrosion rate of the steel surface remains similar

(for the reasons stated previously).

At high bulk supersaturation, the influence of the corrosion process at the carbon steel
surface has much less effect on the overall CLAR. Thisis perhapsat least partly attributed
to the fact that rapid FeCOz deposition onto the corroding surface rapidly supresses the
corrosion rate, limiting this effect. As stated by Sun and Nesic[ 3], the influence of thelocal
supersaturation effect is more likely to manifest itself at low bulk supersaturation and

low temperature.

It is worth comparing the results reported here to those obtained by Sun and Nesic[3]
based on their experiments performed on stainless steel. Their results indicated that
there is a contribution to CLAR from both the bulk solution and from the corroding
surface by comparing the CLAR onto both stainless steel and a corroding carbon steel in
the same environment. However, there is a distinct difference between deposition onto
non-corroding stainless steel and the continued formation onto a well-established, highly
protective FeQO;s film on carbon steel which is considered here. Through observation of
micrographs, Sun and Nesic[ 3] reported that at a supersaturation of 60 at 80°C, thereis
almost no corrosion product accumulation onto stainless steel, whereas a high

accumulation rateisrecorded onto FeQO;s at a similar supersaturation in this study.
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Figure 10: Predicted CLARs for FeCOs for bulk saturation ratios from 0 to 200 at a
temperature of 80T from the Sun and Nesic model compared to measured data
obtained from the weight gain method onto wet-ground corroding carbon steel

and an established FeCOs layer at pH 6.8.

Figure 11 shows an SEM image of the FeQOs layer after subsequent exposure to a CO»-
saturated 3.5 wt.% Nad brine at pH 6.8 and 80°C with an initial bulk supersaturation of
200. Comparing thisimage with Figure 8(a) it is apparent that the film has continued to
grow and there are clear areas where secondary nucleation has occurred on top of the
pre-formed FeCOs crystals. The formation of these new FeCOs crystals begins with
heterogeneous surface nucleation where part of the free-energy cost necessary for
creating a new interface surrounding the nucleating phase has already been paid. Thisis
known to be affected by the periodicity of the substrate and the nuclei; where a close
registry between the two lattices such as epitaxial relationship increase nucleation
rate[20]. Thisexplainsthe discrepancy observed between the results of Sun and Nesic[3]
using stainless steel where the small number of FeCOs crystals reflects the poor match
offered by the substrate and the FeCOs secondary nucleation on preformed FeCOs film.
The work highlights the impact of the substrate physico-chemical properties on the
nucleation rate of FeCOz; and demonstrates that continued accumulation onto an existing

FeQOs is more favourable compared to stainless steel, which isworthy of consideration.

23



2017-04-04 HL MD4.7 x1.0k 100 pm

Figure 11: SEM image of FeCOs crystals precipitated on to an already existing
FeCO:s filmed X65 steel surface. Initial film was grown for 20 hin a CO»-saturated
3.5 wt.% Nad brine at 80°C and pH 6.8, then exposed to the same conditions at an

SR of 200 for 2 hours.

The values in Figure 12 show the percentage difference between CLAR onto FeCOz and
that onto wet-ground corroding steel as a function of initial bulk supersaturation values
of 0, 10,100 and 200. These were determined using Equation (11):

LARwet—ground — CLARFeco3 % (11)

C
% CLAR =
oc CLARwet—ground

100

where % CLAR isthe percentage difference between deposition onto the FeCOs steel and
that onto wet-ground corroding steel, CLARrecos IS the deposition onto the established
FeQOzs film and CLARwet-ground 1S the deposition rate onto a corroding wet-ground steel

surface, each for the same initial bulk supersaturation.

In the sense of the transient response of FeCOz deposition onto a corroding steel surface,
this percentage essentially reflectsthe difference between the initial deposition rate onto
the steel (influenced by the surface flux and bulk supersaturation) from that of the
deposition rate once a protective film is established (influenced predominantly by the
bulk conditions). The percentage can also be thought of as an indication as to the
importance or significance of the corrosion process (or Fe2* flux from the surface) on the
CLARIn the early stages of growth. Essentially, the higher the percentage, the greater the
contribution and importance of corrosion and local chemistry towards the CLAR during

the initial film growth process.

AccordingtoFigure12,at low supersaturation thereisthegreatest percentage difference

between the two CLARsfor the same bulk concentration. Thisis expected given the CLAR
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in the presence of a protective film is extremely low when the bulk supersaturation is
closeto 0. Asthe bulk supersaturation increases, the difference in rates diminishes, until
ultimately at high bulk supersaturation, there is little difference between the two rates.
Under these conditions, the fact that a protective film establishes itself on the steel
surface haslittle effect on the overall CLAR under these conditions. Unfortunately, alarge
experimental error is associated with these calculations given the fact that cumulative

errorsfrom multiple techniques need to be taken into account.
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Figure 12: Percentage difference between CLARs onto wet-ground steel compared
to steel pre-filmed with FeQOs.

Overall, theresults show that for low bulk supersaturation values, an increase in bulk pH
magnifies the contribution of surface conditions to the CLAR, there is significant
contribution to corrosion product formation from the corrosion process, and this
dominates the process. In terms of modelling the time dependency of the CLAR, one
model considering purely the bulk conditions is not sufficient. A universal expression
linking surface supersaturation to deposition rate across a variety of conditions is
required. Such a model also needs to consider the occupation of active sites on the steel

surface and the corresponding suppression of Fe2* flux from the steel surface with time.

4. Conclusion

In this paper, the corrosion layer accumulation rate (CLAR) of FeCO:s is characterised on

both an actively corroding carbon steel surface (at pH 6.3 and 6.8 at 80°C) and onto a
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well-established, highly protective, FeCOs-filmed steel surface (at pH 6.8 and 80°C). The
purpose of the work was to establish how the FeCQOs kinetics shift as the surface
transitions from the early stages of corrosion (actively corroding) to the latter stages
whereby thereisprotectivefilm formation. The following conclusions from thisstudy can
be made:

e Adistinction needsto be made between precipitation rate (i.e. precipitation in the
entire system) and CLAR (i.e. deposition rate onto the steel surface). In some
instances, significant precipitation of FeCOz can occur within the bulk solution, as
well as accumulation onto the steel surface. This can lead to over-estimation of
surface deposition rate (or CLAR) when using the Fe2* measurements of the bulk
solution to determine the rate of FeCOs formation on substrates.

e Based on the previous point, the use of corrosion layer mass gain measurements
provides a better assessment of surface deposition rates of FeCOs. Consequently,
the CLAR model developed by Sun and Nesic is arguably the most reliable model
developed to date under uninhibited conditions.

e (CLARsat pH 6.3 and 6.8 were compared as a function of bulk supersaturation for
actively corroding carbon steel samples. Although good agreement was observed
between CLARs for both conditions at high bulk supersaturation (> ~60) (aswell
aswith the model of Sun and Nesic), there was a disparity at low supersaturation
where the higher bulk pH system produced higher deposition rates for the same
bulk supersaturation values. This behaviour was attributed to the difference in
surface supersaturation at each pH, despite the solutions having the same bulk
supersaturation.

e For low bulk supersaturation values, an increase in bulk pH magnifies the
contribution of surface conditions to the CLAR, resulting in significant
contribution to deposition from the corrosion process.

e A comparison was made between CLARs recorded onto a corroding steel at pH 6.8
versus a steel surface pre-filmed with FeCOs under the same conditions.
Examining the CLAR onto each surface as a function of bulk supersaturation
revealed the importance of local supersaturation on the deposition rate at lower
values of bulk supersaturation. The corroding surface was subjected to higher

CLARs and compared to the pre-filmed sample. The difference between the two
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rates was negligible at high bulk supersaturation, but increased significantly as
bulk supersaturation was reduced.

e Once a protective FeCOs layer develops, the deposition kinetics can shift
significantly if the supersaturation of the bulk solution is low. This transient

response needsto be accounted for in CLAR models.
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