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Abstract:

For this study, unfunctionalised and functionalised natiojear of siica (SiQ) were
incorporated intoa solgel based matrix in an effort to provide more effecta@rrosion
protecton on a mid steel substrate. Tests such as aforoe microscopy (AFM) and white
light interferometry (WLI) were carried out to chaexe coating microstructure and
properties. Corrosion protection and coating durabiity was tigeged using different
methods which included electrochemical impedance spectroEdPy and accelerated salt
spray testing to simulate a marine environment. Electro@al test results as well as results
after exposure in the neutral salt spray test indicétatithe addition of siica nanoparticles led
to an improvement in corrosion resistance of the coatingrixmafhe most effective
performance was observed when the nanoparticles wereioffiaricded. Nanoparticle
functionalisation helped to avoid agglomeration duringrporation leadingo a more uniform
nanoparticle distribution within the coating formulationdaan improvement of theoating’s

abilty to protect against corrosion.
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Highlights:
- The influence of siica (Sig) nanoparticle incorporation in a sol-gel based
coating was studied
- SOz partcle surface treatment improved coating homogeneiyd a
prevenked cracking propagation

- Corrosion resistance improved with functionalised -Si@noparticles
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1.  Introduction

Corrosion has a significant economic as well as envirotaheimpact on almost all the
world’s infrastructure. One of the most widely used materials in infrastructure is carbon steel,
mainly because of its versatiity, durability and affordgbil The corrosion of carbon steel as
a result of electrochemical reactioinsits service environment is a spontaneous process which
can if no measures are taken to prevent or control it, compron@eriah integrity and impact
not only the asset but also the environment and people.

The most common method of mitigating corrosion of carbon stabé isise of specialised
coatings, mainly organic coatings (such as epoxies, poluesh acrylics) and inorganic
coatings (such as polysioxanes). Combining the benefiwgahic and inorganic compounds
to design hybrid protective coatings is stil a challerige industrial application. Inorganic
coatings have advaneg but purely inorganic sioxane based coatings are toughetdous
industrial applications unless used at very low thiclees&1-2 microns). Hence, most
industrial applications try to combine polysiloxanes wifoxes or acrylics to give hybrid
resins like epoxy-sioxane hybrids or acrylic-siloxandrig. One route to create these types
of coatings is the sol-gel process, which involves hydrolais condensation of metal
alkoxides (precursors) in the presence of acid or base atslgst [1-3]. The resulting oxide
materials present structures vary in range from natiydate sols to continuous polymer gels,
depending on the rate of each of these reactions and suliiselqgieg and processing steps.
hybrid coating possessan organic part, which imparts flexibility and impacsistance, and
an inorganic part, which usually helps to decrease porosity amdag®e homogeneity and
thickness [4, b

Coatings based on tetraethylorthosilicate (TEOS) and adesiane have been used to
protect many different substrates such as aluminium/alumimilloys [6-9], magnesium alloys

[10], and steel [11, 12 In all the studies, improvement of the corrosion resistaat the



coatings was reported with the second silane. Differeranmters affect the final performance
of these sol-gel based coatings, such as amount of wmgper,and amount of catalyst,
temperature, and the protocols folowed to achieve a proper dalehdydrolysis and
condensation reactions. Thus, careful choice of reaction andgsing parameters is important
to obtain protective hybrid coatings by the sol-gel route. Rprasd tendency to crack due to
the high stress in a cured sol-gel coating can contrimutewered performances when it comes
to resistance against corrosion.

One of the promising routes to develop high performance corragesistant systems is
through the use of nanotechnology. Nano-additves candzk insmany different ways; as
layered nanomaterials (graphene, clays or layered hydrjpxidestal oxides (siica, ceria or
titania), or as nanocontainers containing active corrosibibiters which are released in
response to a stimuli. Previous work has shown that thefumsano-additives can aid corrosion
protection as well as lead to more durable coatings [13, 1#],inwproved mechanical and
barrier properties [15-24], scratch resistance and a lowadency for blistering and
delamination [20, 25, 26].

Researchhas reported that the addition of nanoparticles helps to ierddckness of the
flms [5, 9, 27], and improve mechanical and barrier propertiesnggadi corrosion resistance
[6, 7,12, 28, 29]. However, in order to develop high performance coatitigsamo-additives
it is important to incorporate an optimum loading level of naniofes with the appropriate
surface chemistry to provide good compatibility and dispersiothenbase coating matrix.
Agglomeration of the nanoparticles in the coating mat&n not only prevent adequate
corrosion protection, but can in some cases lead to an infeeidormance even compared to

the base matrix due to the introduction of defects.



The aim of the present work is to create a solgel basddgcand modify it with silica
nanoparticles to study their interaction with the cgatmatrix and the influence of these
nanoparticles on the barrier properties of the coating.

The surface of asiica nanoparticle is highly hydroxglateth silanol groups. These groups
have a significant impact on the surface charge cd siianoparticles and agglomeration of the
nanoparticles. In addition, they also provide an opportunity totidualise the silica
nanoparticles with various functional groups. It has badelwreported that surface treatment
of siica nanoparticles can be taiored to enhance tmtyaffoetween organic and inorganic
phases in a nanocomposite and improve the dispersion of narlepaviikhin the resin matrix
[18]. The ultimate objective of this studg to understand the impact afssynthesised
unfunctionalised as well as suitably functionalisedcasinanoparticles on the corrosion
protection of carbon steel using these coatings.

2. Experimental
2.1 Materials

Q-panels (Q-Lab Company, UK), grade S-46 (A1008 steel), ground erside with
dimensions of 0.8 x 102 x 152 mm were used as the substrate. TESZgp@meric form of
TEOS, and 3-glycidoxypropyltrimethoxysilane (GPTMS) premaswvere suppled by Sianes
and Siicones Manufacturing, UK. The synthesis of siieaoparticles was carried out at TWI
Ltd., Cambridge, by a standard Stéber methdd [1
2.2 Coating preparation
2.2.1 Sol-gel based coatings

This study started with TES40, which is the oligomerianfmf TEOS. However, when used
alone it was difficult to create a fim-forming coating. r@unorganic flms with thickness
higher than a few microns are usually not easily form&agusol-gel chemistry and are fragile

and crack easily. Thus, a second siane, 3-GPTMS (3-glygdopyltrimethoxysilane), was



added to the formulation to help with the formation of therixnaThis precursor has two
components, one non-hydrolisable glycidyl ligand (organic) tarek hydrolysable methoxy
ligands, with all ligands being attached to a centdglosi atom. The combination of these
precursors, TES40 and GPTMS, was used to develop a coating. n@tganic-inorganic

coatings were prepared using TES40 and GPTMS as precumstine presence of acidic
catalyst of HCI with water and Industrial Methyl Sp{iiMS) as solvents.

Three different TES40/GPTMS molar ratios (1:0.6, 1:0.9 and 1:1e8¢ wied in order to
create a fim-forming coating with a thickness greatanta few microns to which nanoparticles
can then be added. Some of these combinations are detailedirbdlate 1.

2.2.2 Silica nanoparticles: Preparation and incorporation in coating

Siica nanoparticles for this study were prepared by theeBtprocess [1], which produces
mono-modal spherical siica nanoparticles by an ammonia lyseda reaction of
tetraethoxysilane (TEOS) in alcohols as solvent. The Stillcar dispersion made at TWI is a
4.3 wt.% dispersion in IMS (Industrial Methylated Spirit), hwihe siica nanoparticles having
a mono-modal distribution with a mean particle size (Zaes as measured by dynamic light
scattering, DLS, Malvern Zetasizer Nano ZEN1600) of 25 nm.

After synthesis of the siica nanoparticles, the amenomas removed by evaporation in a
rotovap. IMS was introduced to maintain a constant weight.®fwt.% siica during the
process. The final output was a suspension that wasutans|(slightly blue haze) with a pH
of ~8-8.5. This suspension was added to the TES40. The solventemaved by using a
rotovap unti the solvent content was <10-15 wt.% and the @i@rticle) content was 10wt.%.
This mixture was used then as a component in the nfatriulation.

Siica nanoparticles were introduced into the optimised fation with the TES40/GPTMS

molar ratio of 1:1.8. It was expected that incorporation okthesoparticles to an optimum



loading level would help to increase the thickness, improzehamical properties and corrosion
resistance of the coating. It can also have the opposi éfleverloaded [27].
2.2.3 Silica particles: Surface functionalisation

In a second variant, the siica nanoparticles were sutfaated with GPTMS to make them
more compatible with the matrix and to prevent/reduce aggtion of nanoparticles during
incorporation into the coating formulation. Surface fam@liisation of the synthesised silica
nanoparticles with GPTMS was carried out by reacting 100gjjicaf dispersion prepared by
the Stober method (as described in section 2.2.2) with 0.43 g of GRIWAG, a mass ratio of
0.1 g GPTMS/g siica in the dispersion. This soluton wraed for a few minutes and then
heated to 65°C for 18 h. No added water was used to promote Hafisagion as it is
anticipated alcohol liberating reaction between the GPTM®& the silanols on the silica
particles surface would facilitate functionalisation.

The acidity (pH value) of the solution was adjusted \atietic acid to be between 3-5 to
faciitate the hydrolysis and subsequent reaction of tREING with the silanol groups.
Maintaining acidic pH is important since previous reseaschawve demonstrated that alkaline
conditons (pH 9.9) leads to the formation of aggregates sifidace modification, while
modified siica at pH 2.6 remains monodisperse with no largeegeggpn observed [30

Following the same method as described earler, the fuatsed siica dispersion was
added to the matrix formulation to a 10 wt.% loading levegurEi 1 shows the hydrolysis of
GPTMS and the subsequent functionalisation of tha siiarface.

2.3 Coating procedure

Prior to coating deposition, steel panels were cleaned it tb remove grease and/or
contaminants. Coatings were appled manually using 50 jien wound bars oo the steel
panels (Elcometer, Manchester, UK). The coated samples th@redried and cured at 90°C

for 2 h in an oven.



2.4 Coating characterisation

The coating thickness was measured using an ElcometeEdth6current coatg thickness
gauge (Elcometer, Manchester, UK). At least five memsents were made at five different
locations on each sample. The average and standard dewa&ta flm thickness for each of
the tested coatings were calculated to ensure congistross the coated surface.

Adhesion of the coating to the substrate was measuredebgrdls-cut tape test method
folowing ASTM D3359 - 09e2.

Atomic Force Microscope (AFM) images were obtained usiigin@nsion lcon (Bruker
Germany) operating in Peakforce Quantitative Nano-nmgdiamapping mode using a silicon
tip on a nitride cantiever probe (Bruker, nominal spring constant 0.4974, Mominal
resonance frequency of 70 kHz).

The Neutral Salt Spray Test (NSST) was used as d sxpeening test to evaluate the
corrosion protection of the coatings. The test was run it sggay chamber (Ascott CC1000ip
Ascott, UK) folowing ASTM B117. Corrosion resistance of the edagamples was examined
by exposing them to a salt fog atmosphere generated byngpray wt.% aqueous NacCl
solution at 35+2 °C. Prior to exposure, the back and the edgessaitipdes were covered with
lacquer. Specimens were inspected after 24 h, 48 h, and 72 h of expasssess performance.

A 3D White Light Interferometer (WLI, Bruker Contour GT-K 3D @pat Microscope) was
used to record three-dimensional surface topographies ofngsoativhie Differential
Interference Contrast microscopy (DIC, Nikon Optiphot Micopss was used to gather
information about possible invisible features in the ngati

The coatings were also evaluated by electroche mical unesaesnts, which were performed
using a conventional three-electrode cel with 3.5 wt.&&Nelectrolyte at ambient conditions.
The working electrode was the coated sample (exposed areenf}.the reference electrode

was Ag/AgQCI (M KCI) type and the counter electrode was a Pt/Ti wire. Therosion



potential, electrochemical impedance spectroscopy (EIS) del piidarisation characteristics

were measured using an Ilvium pocketSTAT (lvium, NethéslanThe EIS measurements were
performed atthe OCP in the frequency range 10 kHz-0.005 Hzpeithrbation ampltude of

+20 mV. The data was analysed using ZView software (SxribdSA). Constant phase
elements (Q) were used in al fittings instead of céguam@s considering the non-ideal
capacitance behaviour of the system. The impedance od&jred by the following equation

[31]:

Z(jw) = (Y)(w)™ 1)

where,w is the angular frequency, 0¥ the Q constant and n is a value which represents the
deviation from purely capacitive behaviour (0<n<1). In the case of an ideal resistor or capacitor,
n=0 or 1 respectively.

EIS measurements were carried out since they can prowigdt of the physicochemical
processes on the coated substrate during corrosion, whichelpato explain the corrosion
behaviour observed during salt spray testing.

3. Results and discussion
3.1 Coating microstructure

The measured thicknesses for the three different TES40AGPolar ratios (1:0.6, 1.0.9
and1:1.8) were found to be around 10-12 pm for 1:0.6 and 1:0.9 moter wdtle the 1:1.8
increased to around 30-40 um. It was found that increasingrdheic content (via the glycidyl
group of the GPTMS) in the sol-gel based matrix formulatiefped to improve the adhesion
of the coating to the substrate as well as provide mofermaniand thicker coatings, which is
in agreement with other studies [32,].38hus, a TES40/GPTMS molar ratio of 1:1.8 was
selected as the preferred matrix formulation due tontermity, its lower susceptibility to

cracking and its enhanced thickness.



Coating thickness for the preferred matrix and the matnth incorporated siica was
measured to be 20-4@m for various samples. Adhesion of the coating to the substra
measured by the cross-cut tape test method @& rating (rating adhesion with OB to 5B
scale) for all samples, meaning that all coating fornautstiwere well adhered to the substrate.

WLI and DIC images for the sol-gel based matrix are shiowikigure 2. Wrinkling of the
coating can be observed with the metal substrate appareattbénboth WLI and DIC images.
Cracks and areas of apparent disbondment appear in DIC imaggsstig that the coating
matrix is brittle. There are also some bubbles or small esoptesent throughout the panel
likely due to solvent evaporation during the curing process.

Figure 3 shows that the coating with non-functionalissida nanoparticles is less brittle
than the matrix ttself, but nanoparticles are not homagesig distributed and some porosity
is evident. DIC images stil show cracks and discontinuity tt&f coating with non-
functionalised siica nanoparticles, even though thaseleen an increase in homogeneity of
the coating with the addition of siica nanoparticles tortarix formulation.

For the coating with functionalised siica nanoparticls increase in homogeneity aad
decrease in porosity is achieved, which is shown in both &tlIDIC images in Figure 4. This
is probably due to the influence of functionalised siicaoparticles which possibly helps to
increase the flexibility of the coatings and also to cedilne interal stress, leading tamore
homogeneous coating.

Figure 5 shows the AFM images of the coatings with noctibnalised and functionalised
siica. The dark domains are attributed to the siica natilear which are distributed within
the matrix network. Functionalised-silica nanoparticl® better distributed throughout the
coating showing an increase in homogeneity, while théingowith non-functionalised silica
nanoparticles (Figure 5a) shet some agglomeration and inhomogeneous distribution of

nanoparticles in the coating. The improvement in dispersion can be explainedthdy
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functionalisation, which causes steric hindrance digi agglomeration of nanoparticles
during the incorporation process, and the increased compatbdiween the GPTMS grafted

on the siica surface and the GPTMS in the matrix né&tw®dhis can lead to a stronger interface
between the matrix and the nanoparticles [18]. The suti@asment also helps to supress
agglomeration of the siica nanoparticles due to therameed resin-wettability, which is in

line with other investigations [34, 35].

3.2Corrosion performance

Photographs of samples exposed to neutral salt spray are ishBigure 6. The addition of
non-functionalised siica nanoparticles (Fig. 6b, e€) improwedting performance compared to
the solgel based coating matrix itself (Fig. 6a, d), bubsam is evident after 72 h for these
coatings. However, with the incorporation of GPTMS-functised siica nanoparticles an
improvement of the corrosion resistance can be observedyaenihlittle corrosion even up to
72 h (Fig. 6c, ).

Corrosion potential, &rr, as a function of time is represented in Figure 7. Datacotected
(for a duration of 1h) at times of 1 h, 24 h and 48 h of exposure. All coated sarspias a
corrosion potential substantially higher than the barel @-panel), suggesting that these
coatings have a barrier effect, in agreement with trehderved by other researchers [36, 37].
At the beginning of the experiment, the coating with nontionalised siica nanoparticles had
a slightly higher potential than the matrix and the ogatith functionalised siica. There is a
clear drop in all potential values for coated samples up to Rfteh.24 h, the potential for both
the matrix and the coating with non-functionalisedcasiicontinues to drop suggesting that
corrosion on the sample increases possibly due to water uptdh® coating. An increased
anodic activity would shift the corrosion potential in thegative potential direction. Other
authors looking at coating resistance have observed sadgeshin OCP as corrosion occurs

through the coating. In contrast, the coating with ioneflised siica tends to stabilise after the
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24 h, possibly suggesting higher corrosion resistance ovidreadamples although this needs
to be confrmed from EIS measurements.

Immersion tests were performed in 3.5 wt.% NaCl solutom48 h. Figure 8 shows the
impedance spectra for all coating formulations obtained latf& higher values of impedance
for the coating with functionalised siica over the otfmulations indicate a clear barrier
protection provided with this coating over all. Two time camstacan be observed: the high
frequency time constant which is associated with capmett and resistance of the sol-gel
coating and the low frequency constant which can be asstcio capacitance of the
electrochemical double layer on the substrate/ele ctratggeface.

Equivalent circut models were used to fit EIS data allgwifor a detailed analysis of
physicochemical and electrochemical processes associdtedthei nature of the corrosion
protection offered by the coatings. Figure 9 displays the deptvaircuit used for the fitting
of the sol-gel based coatings with and without siica natiolea. This circuit is a modified
Randles celwhere R represents the solution resistanceqrRnd Qi are the resistance of the
charge transfer and the capacitance of the double lyéreielectrolyte solution interface
respectively, Boreis the resistance of ion-conducting paths/pores in thengpadind Qoatis
related to the intact part of the coatings. Constant plageents (Q) were used in all fttings
instead of ideal capacitors to take into account the facthénacoating is an imperfect dielectric
This is mandatory when the phase angle of capacitorfasedf from -90° [38].

Impedance values obtained as a function of frequency andilequicircuit given in Figure
9 were used to find the values of the circuit elements tbeeduration of the test. Evolution of
the calculated parameters likedQ, Reorrand RoreiS represented as a function of time to monitor
the coating degradation, as shown in the plots in Figure 10,d12aThese values have been

normalised to cell exposure area and thickness of the fim
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According to some authors, the coating capacitance carsbeiasd with water uptake or
entry of the electrolyte into the coating [39, 4Bure 10 shows that &xtvalues for the
samples with siica nanoparticles are lower than thgesacalculated for the resin ilseFor
each coating, the increase of the immersion time leadsme coating degradation, reflected
in the plot by an increase inc6. Nevertheless, &atvalues for the coatings with functionalised
siica are about one order of magnitude lower than thengeatwith non-functionalised silica
and the solgel based matrix itself, indicating a signific improvement in the protective
behaviour of these coatings over the other formulations.

The other parameter that can be evaluatedhds\Which is related to the existence or absence
of ion-conducting paths/pores in the coating and an indicatidhe quality of the coating. pRe
is a measurement of the porosity of the flm, where a hightefReans that the ion-conducting
paths is low, corresponding to a good coatidg seen in Figure 11, the coating with
functionalised siica nanoparticles has the highest psistance.This behaviour indicated the
most effective barrier properties provided by the coating fuitictionalised nanoparticles.
When the electrolyte comes in contact with the steddhc®) electrochemical reactions arise
potentially resulting in the formation of corrosion productghat interface. The associated
processes are represented by the interfacial resist®age,and the double layer capacitance,
Qua. The protective characteristics of the coatings withoparticles is confirmedy the higher
values of Rorr compared with the resin itseff (Figure 12). The highestistance to corrosion
was observed for the coating containing functionaliseda silanoparticles. It can be observed
that only this coating presentedoRvalues above T@.cn?, which is arequirement to provide
effective corrosion protection [{1Another parameter which indicates this behaviour is the
conductivity, which was also calculated and normalised. A dexieanductivity values from
the matrix (1.6.10 S/cm) to the coating with non-functionalised siich2¢.16° S/cm) and

stil more to the coating with functionalised siica (4.44°1%Ycm) was observed. It can be
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concluded that the addition of siica and more explicitly tiamalised siica, leads to a decrease
in conductivity, and an increase in resistance, whickel&ed to an improvement in barrier

properties of the fims.

4. CONCLUSIONS

The present work reports the influence of unfunctionalisedl functionalised silica
nanoparticles into a solgel based matrix and on the corrosgistance. It was found that the
increase in organic content, introduced via the glycidygug of the GPTMS, in the solgel
based matrix formulation help to increase the density lamcadhesion of the coating to the
substrate.

The introduction of non-treated siica nanoparticles ledartoimprovement of barrier
properties which may be due to cracking prevention and reducedtypofésvi, WLI and DIC
images confrmed an increase in homogenetty leading toer@ancement in coating
homogeneity after the addition of siica nanoparticles. reksits are also in agreement with
this, showing an increase inpdr, which means that the ion-conducting paths/pores in the
coatings is lower, corresponding to a good coating.

When the matrix formulation incorporates siica nanogestictreated with GPTMS, an
improvement is observed in the corrosion protection in thieahesalt spray test in comparison
to coatings that use the same siica nanoparticles witoationalisation. This is possibly due
to a dispersion improvement and a stevnmterface between the matrix and nanoparticles.
These results are in line with EIS data, confrmingt the additon of the functionalised
nanoparticles led to an improvement of the corrosion abilttheokol-gel based coating. These
specimens show a smaller number of pits and attacked @seasl as a decrease in porosity
when compared with the other formulations.

It can be concluded that the additon of siica nanopastidielps to increase coating

homogeneity and decrease cracking propagation, this leadmg ingprovement in corrosion
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resistance. However when these nanoparticles areesurfaated with GPTMS, it is possible
that the glycidyl group present in this molecule creatstsonger interface nanoparticle-matrix,
suppressing agglomeration of nanoparticles and enhancingshoépoparticle distribution but
also corrosion resistance.

Further work on these nano-enabled coatings wil focusnproving the understanding of
the interactions of the nano-additives with the solbgeded matrix and could lead in the future

to a new generation of products enhanced by nanotechnology.
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Figure 6. Salt spry results after 24 h (above; a, b, and c) and 72 h (beloyand, &
From left to right: sol-gel based matrix (a, d), matrix with 1@86-functionalised siica (b,
e), matrix with 10% functionalised-silica (c,'@ourtesy of TWI Ltd.’
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Figure 1. Surface functionalisation of silica nanopartielgh GPTMS ‘Courtesy of TWI Ltd.’

Figure 2. WLI and DIC images for the sol-gel based mat@ourtesy of TWI Ltd.

Figure 3. WLI and DIC images for the coating with non-functédised silica'Courtesy of TWI Ltd.

Figure 4. WLI and DIC images for the coating with functios&d silica‘Courtesy of TWI1 Ltd.’

Figure 5. AFM images of nanocoatings: (a) matrix with 10 win-functionalised silica, and (b) matrix with
10 wt.% functionalised-silic&Courtesy of TWI1Ltd.’

Figure 6. Salt spray results after 24 h (above; a, b, arahd)72 h (below; d, e, and f).

From left to right: sol-gel based matrix (a, d),trmawith 10% non-functionalised silica (b, €), mmtwith 10%
functionalised-silica (c, f)Courtesy of TWI Ltd.’

Figure 7. Corrosion potential as a function of tim€ourtesy of TWI Ltd.’

Figure 8. EIS Bode plots obtained for the sol-gel coating48 h ‘Courtesy of TWILtd.’

Figure 9. Fitting of the EIS Bode plots for the matrix withnenoparticles. Equivalent circuit used for the
fitting is attached. R 2.16E* Q.cm; Roore= 3.02E* Q.cm; Qoas 2.9F7 F/cm; ntoa= 0.86 ; Ror= 3.35E° Q.cm;
Qui= 6.8%7 F/lcm ; m=0.81; y2=2.643 ‘Courtesy of TWILtd.’

Figure 10. Time dependence of coating capacitancgdfup to 48 h'Courtesy of TWT Ltd.’

Figure 11. Time dependence of pore resistangaf@rup to 48 hCourtesy of TWI Ltd.’

Figure 12. Time dependence of corrosion resistancerRup to 48 hCourtesy of TWILtd.
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Table 1. TES40/GPTMS molar ratios combination.

TES40 GPTMS IMS HCI H20
1 0.6 1.35 0.18 3.07
1 0.9 1.35 0.08 3.07
1 0.9 2.67 0.75 6.15
1 1.8 2.67 0.75 8.33
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