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Abstract

Corrosion is a major oilfield flow assurance probleitih coatings being commonly used by
industry as a barrier to electrochemically active spediesecent years, studies sol-gel
materials have drawn an increased interest, gaining nemagnition as an alternative to
conventional coatings due to many promising properties includargness, wear resistance
and thermal stabilityln this work silica inorganic sol-gel coatings were deveioped studied
in order to optimize their physico-chemical properties wétticular attention to their corrosion
resistance. To evaluate the protective properties, assirdteel 304 coupons coated with
inorganic sol-gel coatings were subjected for a month @Dacorrosive environment. The
kinetics of the degradation process were monitored throtidgyolslectrochemical Impedance
Spectroscopy (EIS). Besides EIS, electron microscopyusad to characterize the coating
morphology and to examine material degradation. Chemicahges in the coating were
monitored by infraredIR) spectroscopy while adhesion and wear resistance chastcseof

coatings were studied through scratch tests and erossté respectivelyA mechanistic
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understanding of theoatings’ behaviour has been achieved which links the material
performance to its characteristics. Moreover, findimgshis study advance the knowledge

needed to improve coating formulation.
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1. Introduction

There is an increasing technological and economical negent to protect metallic
structures in aggressive environments. Crude oil production tdiees place in severe and
highly corrosive environments and thus material degradatioa major concern in oll
exploration and production operations. Several methodsdairessed to mitigate deterioration
[1, 2]. In that regard, the protection of metallic materialsoige of the most promising
applications of sol-gel coatingsolsgel technology s developedn the past 50 years as an
alternative for the preparation of glasses and ceraaticensiderably lower temperatures [3,
4].

The close control of parameters of sol-gel reactiwass led to the design of new advanced
materials with interesting properties for many appiice. Sol-gel synthesis offers a great

potential for corrosion protection for advanced ceranatenialg?2].

The sol-gel process generally utilised to deposit thin films on solid substratesifa liquid

solution (sol) which turns into a gel following reactiongstrated in Figure 1.[5]

Hydrolysis
OR OH
RO—Si~OR + 4 H,0 —= HO—Si~OH + 4ROH
OR OH

Condensation

OH OH o o" QH _—
HO~Si~OH + HO=Si~OH ——= HO~Si~O~Si~OH ~——= Si(0);.(OH)5
OH OH (’)” OH Polycondensation

Figure 1. General reaction schema for the sol-gel psogith silica

In the first reaction, a metal alkoxide and water aaeqad in a mutual solvent and a suitable
catalyst is added. Hydrolysis initiates by the additibmater to the silane solution under acidic,
neutral, or basic conditions. Hydrolysis of the matebxide bond (MOR; where M is a metal

results in the formation of a metal hydroxyl bond QW) [6]. Following the hydrolysis
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reaction, the polycondensation reactions take plaagtires in polymerisation of silanols
compounds to form siloxane compounfisl-gel technology is widely used for the preparation
of inorganic materials from solutions containing inorgamienetal organic precursors, which
are hydrolysed to form inorganic polymers and colloids. Aatrasion films can be deposited
from solgel solutions using different methods. Dipping and spinninignigoes can be used
only for deposition of the coatings on a flat surfane¢he case of complex shapes it is generally
difficult to achieve uniform coating using these procedugeeral works have shown that
electrochemical deposition of a sgél film is often superior for structures with complex
geometries in comparison to dip or spin coating techniqéed. Also, electrochemical
deposition offers relatively thick and crack-free sol-geivéel coatings [10]A promising

barrier coating alleviates water and electrolyte penetrgt1].

The EIS method has been used widely to analyse coaiWigen it comes to sol-gel coatings,
it is often challenging to select the appropriate expeartiaiesettings due to the various
equivalent circuits that can beted to the same data. Moreover, EIS results can greatly be
affected by the spatial heterogeneity of the samdl@s [t is therefore common for other
methods to be used alongside EIS and complement the elemtnwal observation with
mechanical, physical and chemical measurements to fullyactesize the degradation

mechanism. The combination of those techniques leads to olmrst mnalyses.

In this work silica inorganic sol-gel coatings,t¢410um), were studied by EIS over 30 days in
order to follow the performance of the coatings in sgtithsea water. The results were

supported by analysis using SEM and IR.



2. Experimental methods and materials

2.1 Materials and sample preparation

EIS tests were performed on 70mmx70mm 304 stainless steg@tadsample and coated with
inorganic sol-gel [13] witta thickness of aboutué. A PVC tube (internal diameter: 3.5cm,
height: 9cm with water going to 8.5cm thus the volumethfigater is 81.8ci) was glued with
silicone. One corner of the metal was bent so the wgrdctrode could be attached to it. Only
one face of the samples has been coated and in cotiathe salt water. Synthetic sea water
(3.5wt% NaCl) saturated in GQwvas used and EIS tests to be performed at room temperature

over a 30 days period.
2.2 Electrochemistry

EIS was performed using an ACM Instruments Gill AC as a piottat and an Ag/AgCI
Mettler Toledo InLab Combination Redox electrode. The Nstogiaphs obtained with Zplot
are adapted from experimental data extracted from amigiSurements. These ran with a low
AC sinusoidal excitation of +10 mV around the Open CircuieRtl (OCP) in order to keep
the system pseudo-linear for a frequency range starti@@ &Hz and up to 10 mHz while

logging 10 data points per decade of frequency and executed at OCP.

3. Results and discussion

3.1Electrochemical Impedance Spectroscopy

The impedance spectra of the samples are shown in Ridoiréhe uncoated sample and Figure

3 for the coated sample
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Figure 2. Nyquist plot of the uncoated sample from Day 1 to3Da
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Figure 3. Nyquist plot of the coated sample from Day 1 to 3day

The Nyquist plots in Figure 2 present that all spectrenfiday 0 up to Day 30 exhibit a
capacitive behaviour. The behaviour for the coated sam@bowed in general as capacitive
in the Nyquist plot which indicates a protective andéhtoating. Although some water can be
detected, it is expected to be on the top coating surfatearpenetrated since the arc of the
plot does nbdisplay the characteristic semi-circle [14] but segmehsemi-circles, possibly
relating to corrosion-resistant film formed on the swefad the bare substrate [19]he

impedance inversely changes as a function of frequentyansiope value close to -1 in the
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Bode plot (Figure 4 and Figure 5). This indicates the capaahwaeacteristics of the coating
The relatively high Z values at low frequencies are meathapproximately similar withiB0

days which highlights the durability of the coating for thisqu
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Figure 4. Impedance Bode plot of the uncoated sample froni Dapay 30
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Figure 5. Impedance Bode plot of the coated sample from Dapay 30

The values obtained for the uncoated and coated sampldseaampared and show tha¢ th
corrosion rate of the stainless steel substratedsaed with the application of the sol-gel

coating as expected



During the period of immersion, the shape of the impedanpemss for the uncoated sample

remains almost unchanged with time, which suggests a staldture of the passive film [15].

In order to obtain the values associated with the elemantee EIS measurements, an
equivalent circuit which is shown in Figure 6 is employHute equivalent circuit is adapted for
the measurements performed after the first day heekveebn Day 5 and Day 30 of the test
the circuit for Day 1 only consisting of the “solution + coating” part of Figure 6 below. It is
similar to equivalent circuits and fittings obtained in oh@pers for a similar coating [16-20]

YV ™\

Lk A'A H

wn i
pore

Solution Coating \ Metal /
. N J

Figure 6. Equivalent Circuit used for the impedance resuksevR elements denote a
resistance, C elements capacitors and CPE constantgdeasmnts (which consist in CPE-
and CPE-P).

Rs denotes a measure of the ionic film resistance §k2ihe actual solution resistance in
electrolytes such as seawater is negligible [21]. Ifctheting is thin enough, these values can
give an indirect estimation of the coating protectiveperties. High values offint to better
resistance especially in what is described as the afgapid solution uptake due to defects
such as lack of polymerisation or other [21]. Its vawatcan be correlated to the coating
degradation level. The coated sample is stable sind&th@ues increase with time during the

first days of the experiment as shown in Figure 7.
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Figure 7. Ras a function of time for the coated sample

The water uptake was calculated (Equation 1) using the ealdwitnula derived by Brasher
and Kingsbury [22] where Xdenotes the volume fraction of water adsorbed by tagrgp G
and G are the coating capacitance at the beginning of the exp@3ayel) and after the certain

time intervals respectively while 80 is the dielectricstant of water.

. B log(g—;)
Equation 1Water uptake Xy =100 X [~ ]

Figure 8 presents the evolution of the water uptake ascéida of time.
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Figure 8. Values obtained of water uptake)(®erived from EIS measurements



As can be seen, the coating capacitaii@g appears to increase with time which suggeasts
higher water uptake. The coating capacitance dependsadetarioration on a microscopic
scale along numerous points of the coating. theésefore regarded as a parameter of coating
behaviour that can be determined throughout the entiresaxp@eriod and shows the best
reproducibility of all passive elements. Other passive elsnghould also be investigated to
give a full understanding of the coating behaviour anevtdution, such as the resistance of
the coating (noted as,&). As shown in Figure 7, the resistance of coating deeseaih time.
The contribution of coating delamination or degradatiomoact the coating capacitance at
the end of the experiment is significantly higher thanitifluence of water adsorption.

The post-test investigations using electron microscopwstiano clear sign of corrosion. All
processes were occurring at a very small scale suchama&eroscopic damage could be seen.
Thus the decline of the coating impedance values duringetite s most likely due to the
infiltration of ions in the coatings, which in turn inesed the pore conductance [28]oating
breakdown can be characterized by a marked decrease intbe{/&:.

Although the decrease in resistance may not be a coreckign of failure for the first few days

of immersion, itcaneventually lead to failure due to the increase in pore conutec{22].

When the curves of the Nyquist plot obtained from Eh8 experiments do not form semi-
circles, the Randles circuit cannot be assimilated andra complex electrical circuit must be

used.

The Bode phase shift diagram of the coated sample in Fggaleo confirms degradation of
coating with the phase angle shifting fref@0° at higher frequency towards 0 in the frequency
range of 100 Hz showing coating characteristics which atdatthe degradation of the coating.
Further drop in phase angle and shift towards 0 at 0.1 He sotfsequence of charge transfer
reaction and hence the second time constant [24].ufbeated sample does not show this

evolution.
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Figure 9. Bode phase shift diagram of the a) coated sdnplecoated sample

The high-frequency impedance behaviour represents thegohatnacteristics and that of low-
frequency part of impedance represents the corrosamtioas occurring at the bottom of the

pores of the coating [25].

Generally, coatings with resistance ovef ©@cn? provide good corrosion protection, while

those with resistance under®X0.cn? provide poor corrosion protection [26]

Impedance data can be interpreted in term of reactiahanésms although the data can be
fitted to an equivalent circuit. This is made possibleuplothe fundamental laws connecting

charge and potential which remain unchanged when passmgefeztronic to ionic media
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Epoxy coatings are also used in the oil and gas industigofrosion protection. According to
some publications [22, 26-28] even if they are consideffedesit as protective coatings, their
resistance value (which we namegBcan be about PALC°Q for Day 1 decreases to be about
10° Q after 10 days [Table 1]. Table 1 presents other coatings (epoxy) found in literaturieh
were experimented under similar conditions and being comparedsoHgel coatings studied

in our project, while being thinner, gave similar results.

Table I. Comparison of values of final resistance ofggblcoatings experimented with epoxy
samples from literature

Sample Value of Resistance Day Value of Resistance
1(Q) (Q) Day 30

Epoxy [23] 10° 1.10

Epoxy-amine [28] 8.10 6.10

Epoxy-polyamine [28] 1.10 5.1C¢

3.2Fourier-Transform Infra-Red Spectroscopy

Analyses were performed by FT-IR with a PerkinElmer SpecttO@FT-IR with Universal
ATR accessory fitted, used to obtain chemical informadloout the surface of the samdid-
IR spectra were recorded between 600 and 4000 Ei, water uptake and FT-IR results can

be linked. The water ingress into the coating structurdoearonfirmed usingT-IR.

The data obtained for Day 0, Day 14 and Day 30 are all g=glan a same graph to see the
evolution of the composition of the surface. The FTsfiectra collected at initial and after
certain time intervals of 15 and 30 days are plottedgnrei 10. Day 0 means that the sample

has not been immersed and has not been in contact widediwater.

12
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Figure 10. FT-IR spectra of the coated sample

All the peaks together with the assigned bonds are detaileable 2 below.

Tablell. Groups present in the FT-IR spectra

Wavelength (cr_rl1) Group possibility 1 Group possibility 2 Group possibility 3

3400 -O-H
13



2950 -C-H -SO-C-H, -C-H

2400 -c=C -C-0,

1600 -O-H c=C c=0
1400 -C-H From HO

1250 -Si-CHs -Si-O-C

1080-1070 -SiFO-Si -SiO-C-H, -Si-O-H
910-850 -Si-C - Si-OH -SiC-H,
750 -Si-C Si-O-Si From HO

The most important bands appear at 1070-1080cmresponding to the -SD-Si asymmetric
stretching vibration [29] for each spectrum of Figure 10;adhsorption bands observed at
around 2950 crhand 1400 cm stem from stretching and bending vibrations eH(onds
respectively [30] shown for the sample at Day 15 and Day @ sharp peak at 1250 ¢roan
be related to the deformational-SCHs vibration and the small bands of the-&l vibrations

at around 2950 crhindicate the presence of terminal trimethylsilyl groups.[30F region at
and around 847 cis the finger print for the coating. Peaks can bemeskin this region and
are assigned to-ST bonds [30]. The peak at around 1600'dor the spectrum at Day 30 and
the broad absorption band at around 3400 oniginate from- OH groups [31] but could also

be assigned to vibrational structure of@&iSi [32].

No clear additional peaks at 3400&nassigned to O-H stretch band in water, is detected aft
exposure of the coating to sea water. This implies that\dats not contribute to the chemical
structure of the coating following the immersion in seaewa/Nater is detected and does not
affect the coating as the functional groups present onMare still present at Day 30. The
sample at Day 0 has not been immersed, thus the O-H bormgsmond to residual £H

(uncompleted reaction) and R-OH bonds. Therefore wat®tiabsorbed by the coating.

This result can be linked to the EIS results: water is tertetbrough FTIR analyses but the

Nyquist plots from EIS showing a capacitive behaviour condfithat the coating is intact. The

14



water is not penetrated through the coating in eithee @s the coating has high barrier

properties and strong corrosion resistance.

3.3Scanning Electron Microscopy and Energy Dispersive X-Ragt8&pmeopy

Scanning electron microscopy (SEM) analyses were cartedrothe samples using a Carl
Zeiss EVO MA15 SEM to assess coverage and topography of icorqm®duct. All images

were collected at an accelerating voltage of 20keV andvatling distance of about 8mm.

Energy-dispersive X-ray spectroscopy (EDX) spectra wétained using FEI Tecnai F20
FEG-TEM/Oxford Instruments X-Max SDIEDX detector then AZTEC software in mapping

mode in order to verify the composition of the coating dediriterlayer structure.

The SEM image of the coated sample and EDX maps of oxamsilicon before and after 30
days of immersion in synthetic sea water (3.5%NaCl) pesented in Figure 11 and 12

respectively.

Figure 11. SEM image and EDX-mapping of silicon and oxygen elenfieom the sol-gel
coated sample before the experiment showing the homogeéstribution of constituents
within the coating. Scale bar: 250um
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Figure 12. SEM image and EDX-mapping of silicon and oxygen eienfeom the sol-gel
coated sample showing the homogeneous distributionnstitwents within the coating after
30 immersion tests. Scale bar: 250um

The post-test investigations evidenced no clear signrmdsion or corrosion product which
agree with the results previously discussed. The coating rtieseem to have been disrupted
as its integrity has been preserved. Both samplesaglispsmooth surface and no localized

crack or defects are observed after immersion.

4 Conclusions

Inorganic sol-gel coating degradation was studied for 30dayaroéision in corrosive 3.5%
of NaCl at room temperature. The results of differenthows could be linked between
themselves and allow further understanding of the degradatchanism. Several techniques

are needed to evaluate and to optimize the coatingdhasdiving a global view of the system.

The EIS data, while exposing the values of the resistahtke coatings also revealed the

differences of order of magnitude which is linked to theasion progressElS method is
16



useful for characterizing the coatings and the corropimtection properties. It also gives
possibility to determine the equivalent circuit which comgheemost to the behaviour of the

coating/metal interface.

The FT-IR results presented the evolution of the saréaenposition with time as well, showing
that some Si-OH bonds were forméalthe case of electrochemical measurements the gsatin
would be defined as failures when the resistance measuredSbys Eequal to the value
resistance of the bare substrate meftdhile it is difficult to use EIS only by itself, when

combined to other techniques details on the evolution obsion are obtained.

This coating vas found to be efficient for the amount of time testesl protective sol-gel
coatings against corrosion as the corrosion resistaribe substrate was found to be improved
by the tested coatings. There is no direct degradatitrecfubstrate as seen with FTIR where
the water uptake found with EIS does not change the peafare of the coating or with the
SEM which shows no evidence of corrositincan be concluded that EIS measurements and

results can be useful to help predicting the lifesparoafings while immersed.
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