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Abstract:

The scanning vibrating electrode technique (SVET), electrochemical impedance
spectroscopy, and salt spray testing are used to investigate the ability of Zn rich sol-gel
coatings to provide sacrificial protection to carbon steel. Three types of coatings
(containing either Zn powder, a coloured pigment, or both) are applied to steel. Intact
coatings are shown to act as barrier layers through which electrolyte ingresses over time.
Under conditions where the substrate is exposed by an artificial coating defect, SVET is
used to investigate the extent to which different coatings offer sacrificial protection when
the defect size is systematically changed. The total anodic current, as derived using SVET,
doubles when the defect covers 25 % of the total area compared to when 12 % of the area
is exposed. This finding is consistent with efficient sacrificial protection of the steel by

the zinc based coating. This sacrificial protection is observed for up to 24 hours for cases



24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

where the defect constitutes up to 52 % of total area. The protection offered in the
presence of a coloured pigment is delayed and it is proposed that the pigment restricts the
ability of Zn to couple with the underlying steel.

1. Introduction

The use of sol-gel coatings to provide corrosion protection has been a topic of interest for
the last few decades, * and has been stimulated by the ongoing need for environmentally
friendly and non-toxic alternatives to chromate conversion coatings and pre-treatments. *
* Research has been focused on the use of sol-gel coatings as adhesion promoters when
applied between a metal substrate and an organic primer/topcoat. >° Their ability to
provide effective corrosion protection has also been investigated on technologically

important metals such as Cu, " Al " alloys, Mg *° and carbon steel. **

The production of sol-gel coatings occurs at low temperatures at which thermal
degradation and volatilization is minimised. The use of liquid alkoxysilane precursors
also means that sol gel technology can be used to over-coat surfaces of complex shapes.
12 Hydrolysis (Equation 1), and subsequent condensation (Equation 2) results in the
production of silanol groups and siloxane bonds respectively. As the polymer structures
agglomerate, networks extend into the liquid phase causing thickening and the production

of a gel. *2
R — Si(OR); < R — Si(OH)s (1)
—Si— OH + HO — Si— —Si — 0 — Si — +H,0 (2)

Shrinkage occurs during the subsequent drying stage and the resultant coating can be
brittle for thicknesses > 100 pm. ** At lower thickness values, porosity increases and the

performance is compromised. Research efforts have subsequently focused on the
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production of hybrid sol-gel derived coatings which encompass the properties of both

organic polymeric materials and inorganic/ceramic constituents. **

However, sol-gel coatings are only able to provide barrier protection to the steel substrate
and are unable to provide active corrosion protection in the case that a large area of the
coating is breached. Several pieces of work have focused on the application of hybrid sol-
gel coatings, some of which have been doped with corrosion inhibitors, to hot dipped zinc
galvanized (HDG). **" Zn is more anodically active than steel and is therefore able to
provide cathodic protection to the substrate (in addition to the barrier protection offered
by the sol-gel). However, galvanizing primarily takes place via a hot dipping process
whereby steel components/structures are submerged within a molten bath of the coating
metal. This process cannot be completed at the point of use and is therefore associated
with substantial economic costs. One alternative to hot dip galvanising is the application
of Zn rich coatings, which consist of Zn particles dispersed in a binder. Such systems are

available in a liquid form and can be applied to steel substrates as a paint.

Addition of Zn particles or flakes can be made to both organic or inorganic binders and
Zn-rich primers have been made in this way for use on various steels. **3° Only zn
particles which are in electrical contact with the steel substrate are able to contribute to
the sacrificial protection offered by such coatings, and the critical volume fraction must
therefore be higher than the percolation threshold. ***° When the electrolyte reaches the
steel/coating interface the active Zn provides cathodic protection to the underlying
substrate for a period of time. Zn dissolution results in the loss of contact with the steel,
after which, corrosion product can form and eventually prevents galvanic coupling. ** %

At longer time periods the corrosion product must seal the pores to ensure adequate

protection. 2% Basic Zn salts, deposited at the substrate, have also been suggested to act
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as corrosion inhibitors. %2 The ability of Zn sol-gel coatings to act sacrificially to a steel
substrate means that they are considered as suitable alternatives to HDG, especially for

cases where production levels and capital investment are low.

The chemical stability and enhanced oxidation and corrosion resistance afforded by sol-

12 also makes them viable candidates for coating of the advanced high

gel coatings
strength steel (AHSS) and ultra-high strength steel (UHSS) grades increasingly used for
automotive applications. To achieve the desired mechanical properties, steel parts are
press hardened at temperatures of up to 950 °C. 3 The oxidation resistance of
components is therefore of importance to avoid detrimental changes to both mechanical
properties and surface appearance. Thin, sol-gel coatings have previously been applied to
the boron-manganese steel alloy 22MnB5 with the aim of improving oxidation resistance.
% The coatings were found to protect against oxidation up to 800°C and remained intact
during press hardening. * The absence of secondary phase intermetallics and residues
(which can form during the subsequent laser beam welding process) highlights the
suitability of sol-gel coatings to further industrial processing. ** The corrosion properties
of ‘higher abrasion resistant’ sol-gel Zn-SiO; thin films have previously been
characterized using electrochemical impedance spectroscopy (EIS). ** The films were
shown to behave differently to conventional sacrificial Zn based coatings (such as HDG),
and any enhanced corrosion protection was proposed to be a result the tendency of Zn to
react with CI" ions to form ZnCl, and meant that the coatings were deemed suitable for

use in marine environments. The question of whether Zn sol-gel coatings are able to

provide sacrificial protection to a steel substrate therefore remains largely unanswered. **

The success of an active coating can be characterised by the distance over which the

system is able to protect a coating defect (throwing power), as well as the time before
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coating failure. The barrier properties of the ‘binder’ material, alongside the
anode/cathode area ratio and geometry also play a role in influencing the galvanic
protection offered by such coatings. In the work described in this paper we make use of
an in situ scanning vibrating electrode technique (SVET) to study the ability of Zn rich
sol-gel composite coatings to provide sacrificial protection to steel. For active coatings,
the position and intensity of the net anodic and cathodic regions change with respect to
time. The spatial and temporal resolution of corrosion current density offered by the
SVET therefore provides advantages over conventional electrochemical techniques and
the technique has previously been used to analyse the ability of an Mg rich primer to
become the net anode in a Mg rich primer/ defect galvanic couple formed on unpolarised
AA2024-T3. * The aim of the present work is to semi-quantitatively assess the ability of
Zn sol-gel coatings to provide sacrificial protection to a steel substrate. As such, the size
of the defect is systematically changed and the total integrated anodic and cathodic
current density values associated with the defined regions, are calculated. Consumer
driven aesthetical requirements, especially in urban areas such as Singapore, have led to
the application of multiple layers which introduce colour into the system. Intermediate
layers enhance adhesion and layer compatibility, but result in greater economic costs and
overall corrosion resistance. The sacrificial protection afforded by coloured coatings, is

therefore compared to that provided by their uncoloured counterparts.
2. Experimental
2.1 Coating Manufacture

A sol-gel based binder was manufactured using a methodology described previously and

shown in Figure 1. *® Briefly, Tetraethyl orthosilicate (TEOS, Sigma Aldrich) was used
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as an alkoxysilane precursor. TEOS and (3-Glycidyloxypropyl) trimethoxysilane
(GLYMO, Sigma Aldrich) were mixed with molar ratio 3:2, and hydrolyzed in 0.5 M
itaconic acid (299 %, Sigma Aldrich) solution, with the presence of 5 wt.% LUDOX®
AS-40 colloidal silica (Sigma Aldrich). The mixture was stirred at 500 rpm for 72 to 120
hours to ensure complete hydrolysis before ageing. Basic coating additives (released
during curing) and Zn powder (>98 % purity) were added and the mixture was
mechanically stirred for 10 minutes. A spray coating technique was used to apply the
coating to SA2.5 sand blasted (ISO 8501-1) A36 carbon steel. 3" The nominal chemical
composition of ASTM A36 is; carbon 0.25 - 0.29 %, copper 0.2%, manganese 0.8 — 1.2%,
phosphorous 0.04 %, silicon 0.15 -0.40%, sulfur 0.04% and the iron(balance). Curing

took place at 150 °C for 30 minutes.
(Figure 1)

In the case of coloured samples, a colouring blend was prepared by ball milling a
phthalocyanine based colourant (Heliogen Green L8605, BASF) to ~300 nm and
dispersing within ethanol. This colourant is widely used throughout the coating industry
and is highly stable and associated with desirable lightfastness properties. * The
colouring blend was added to sol-gel together with coating additives and Zn powder.
Three different coatings were investigated during this work; a coloured sol-gel coating
(CSG), a Zn rich sol-gel coating (ZnSG) and a coloured Zn rich sol-gel coating (CZnSG).
The thickness and composition of the dry coatings are shown in Table 1. It should be
borne in mind that the amount of Zn incorporated into the coatings is ~ 60 % (by volume)
and less than than typically used (~ 80 Vol. %) %2> |t has previously been shown that
zinc rich coatings provide corrosion protection to steel for longer periods of time at

increased values of concentration. *°
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(Table 1)

The coatings used throughout the work described in this paper are therefore composite
materials which can be physically, and electrically, represented by either three or four
components (given in the Table 1). All coatings comprise an electrically insulating matrix,
within which clusters of interconnecting pores exist. These pores can become filled with
electrolyte and may therefore exhibit ionic conductivity after periods of immersion.
ZnSG coatings contain clusters of electonically conducting Zn particles which are linked

ohmically. Green coloured pigments are also included in CSG and CZnSG coatings.
2.2 Resistivity measurements

Sheet resistance measurements were made using a CDE ResMAP 178 resistivity monitor

and then converted to conductivity. At least three readings were taken in each case.
2.3 Adhesion Measurements

Adhesion of the ZnSG and CZnSG coatings to the carbon steel substrates was assessed
by applying and removing pressure sensitive tape over cuts made in the coating according

to the test method specified by ASTM D3359 (Measuring Adhesion by Tape Test). *°
2.4 Salt Spray

Both scribed and unscribed coated coupons were exposed to an accelerated cyclic
corrosion test according to ISO 14993 (intermittent wet and dry conditions) to evaluate
the corrosion protective performance. ** For each test, three pieces of sample were

exposed as triplicates and representative images are shown.

2.5 Open circuit potential
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A Solartron 1287 potentiostat was used to record the free corrosion potential (Ecorr)
values associated with intact coatings immersed in 0.86 M NaCl for 24 hours. A saturated
calomel reference electrode was used and. Three measurements were made for each

sample and representative data are shown.

2.6 EIS

Electrochemical impedance spectroscopy (EIS) was used to investigate the through pore
ionic conductivity of the coatings. EIS experiments were carried out using a Solartron
1287 electrochemical interface coupled with a 1255 frequency response analyzer. A
standard three-electrode cell was employed and incorporated a SG coated steel sample
coupon working electrode, a platinum gauze counter electrode and a saturated calomel
reference electrode. The input AC amplitude was 10 mV and the frequency range was
from 0.05 Hz to 100 kHz. Impedance spectra were obtained at 1 hour intervals. Two

measurements were made for each coating and representative data are shown.

2.7 SVET

Extruded PTFE tape (type 5490 HD supplied by 3 M) was used to expose a 9 mm x 9 mm
area in the centre of each coupon. Defects in the coating were created by mechanical

abrasion using a scalpel blade.

SVET is used to study aqueous corrosion and makes use of the ionic current flux that
exists in the electrolyte above a corroding sample. The inherent resistance of the
electrolyte results in the presence of an ohmically generated potential field. “*** The
vibrating SVET microtip is able to sense an alternating potential at its vibration frequency.
The value detected by the SVET is then proportional to the potential gradient (or electric

field strength) in the direction of vibration and thus to the current.***°
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The SVET apparatus has been described in detail previously. ** The SVET microtip is
comprised of a platinum microelectrode (125 pm) which is sealed in by a glass sheath
and has a total diameter of 250 um. The probe was vibrated, via a pushrod, at a frequency
of 140 Hz using an electromagnetic driver. The probe vibration amplitude was 25 um.
metal was used to enclose the electromagnetic driver and minimise electromagnetic flux
leakage. The wiring and pushrod were surrounded by an aluminium cylinder. Vibration
of the tip was constrained to the perpendicular direction by use of a bearing. A 2.5 cm x
2.5 cm chloridized low impedance silver chloride reference electrode was attached to the

cylinder at a distance of ca. 5 cm away from the probe.

Three stepper motors (Time and Precision Ltd) were used to move the SVET probe and a
Perkin Elmer 7265 lock-in amplifier was used to detect a SVET voltage signal.
Measurements of the peak-to-peak SVET probe vibration amplitude (ap, = 30 +/- 5 um)

were conducted in air using a stroboscope, in combination with a travelling microscope.

Ohm’s law Vyp = ], (app/K) can be used to relate the peak-to-peak SVET voltage signal
Vpp to the current flux density measured along the axis of probe vibration normal to the
sample surface (j;). and the quantity a,,/K is defined as the SVET calibration factor. ***°
A specially constructed two-compartment calibration cell was used. One of the
compartments consisted of a nylon beaker and contained a 1 cm?platinum electrode. The
other compartment was a 6 dm® tank which contained the experimental electrolyte. A 1
cm? platinum electrode was also present in the second compartment. Both silver chloride
electrodes were immersed within the electrolyte and the intra-electrode spacing was 10 —
20 cm. The compartments were connected by a 6 cm long, vertically orientated 0.5 cm

diameter tube. The SVET microtip was positioned in the tube and the current flux density

was assumed to be constant across the tube diameter meaning that current flux aligned
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vertically (in a direction which was parallel with both the axis of the tube and the
direction of tip vibration). A battery powered galvanostat was used to pass currents (of
known value) through the tube. The SVET V,, signal generated was recorded and a
calibration factor was calculated using the generated plots. This factor allowed SVET Vp,

signals to be converted to j, values.

Following calibration, samples were securely attached to the bottom of the SVET tank.
Scans were conducted immediately following immersion in 0.86 M NaCl, and every 30
minutes thereafter for a 24-hour period. The SVET probe was scanned perpendicular to
the surface of the sample and the probe-sample spacing was 100 um. The electrolyte was

unstirred at a temperature of 20 "C.

Only the localized corrosion currents which arise from anodic and cathodic sites
separated by distances greater than the scan height (in this case 100 pum) can be
efficiently detected by SVET. For cases when the spacing is smaller than the scan height,
the current flux lines will no longer cross the plane of scan and will not be detected (or at
best inefficiently). ** *® The SVET response peak for a point current source has a
theoretical width at half maximum (whm) of 1.53z (where z is the probe height). *"*® The
electrically sensitive part of the micro-tip has a finite width and peak broadening occurs.

The whm for the SVET used here has previously been listed as ~ 260 um when z=100

46

fm.

Surfer 8 (Golden Software) was used to plot SVET derived j, data. Positive j, values were
numerically integrated (via Equation 3) to obtain both the total anodic current (l.q) and

area-averaged total anodic current density (Jaw) associated with each scan.

X Y. .
lye = A-]a(t) = fO fo []z(x,y,t) > 0] dx dy (3)
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where X and Y are the scan dimensions and A is the scan area. Similarly, negative |,
values can be used to obtain total cathodic current (l¢y) and area-averaged total cathodic

current density (Je).

Faraday’s law (Equation 4) can then be used to calculate the total amount of charge
density and mass loss associated with local anodes over the entire experimental time

period

2F t=tmax .
q==r= " dt 4)

where q is the total charge density, m is the mass loss per unit area, M is the atomic
weight of Zn (65.38 Da), n is the valence of metal ions (2), F is the Faraday constant,
tmax 1S the total immersion time. In all cases it is assumed that i; remained constant

between scans.
3. Results
3.1 Resistivity measurements

The conductivity values associated with each type of coating are shown in Table 2. Data
intervals correspond to one standard deviation on the mean of three measurements. In the
absence of Zn, the conductivity of the coating was less than the lowest quantity which
could be measured by the available instrumentation. In comparison, a value of 250 S.m™

was obtained for ZnSG coatings, this falling to 170 S.m™ in the case of CZnSG.
(Table 2)

3.2 Adhesion Measurements
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A rating of 5B (0 % coating removed) was recorded for ZnSG. Results for CZnSG varied
between 4B (less than 5% of the coating removed) and 3B (5% to 15% of the coating

removed).

3.3 Salt spray

The capability of coatings to provide corrosion protection to the steel substrate was
evaluated using accelerated corrosion exposure testing. During the 42 day period of
exposure, the coated samples were removed from the accelerated corrosion test chamber
for periodical evaluation. Photographs of the sample type after each time period are

shown in Figures 2-4.

The appearance of the CSG coating at various time intervals is shown in Figure 2. In the
case of unscribed samples (Figure 2a), brown Fe based corrosion product can be seen on
the sample surface within a few days and is assumed to form at defects in the coating, or
where the electrolyte has percolated through the coating. In the case of the scribed sample
(Figure 2b), red rust can be observed almost immediately and covers the entire surface

after 7 days.

Whilst the amount of white Zn corrosion product on ZnSG coatings increases with time
(Figure 3), substrate corrosion is not observed on un scribed (Figure 3a) or scribed

(Figure 3b) samples for the entire 42 day exposure period.

The appearance of the CZnSG coating at various time intervals is shown in Figure 4. The
corrosion protection capability (specially the sacrificial corrosion protection) is clearly
retained in the presence of coloured pigments. However, after several days of exposure in
the accelerated chamber, the formation of Zn corrosion products changes the aesthetics of

the coupons.
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(Figure 2)
(Figure 3)
(Figure 4)
3.4 OCP Results

Figure 5 shows the free corrosion potential (Ecorr) Of coated steel samples, immersed in
0.86 M NacCl, as a function of immersion time. The E,r measured for the A36 steel
substrate is ~0.45 V vs. SHE, and consistent with that expected for freely corroding steel.
In the case of CSG coatings (in the absence of Zn particles), Ecor is in the range of -0.4

4952 at all times and is similar to that

vs. SHE, which indicates no cathodic protection
recorded for the bare steel substrate. For ZnSG and CZnSG coatings, Ecor remains below
-0.76 V vs. SHE for the 24 hour time period indicating cathodic protection of the
substrate. **°2 Figure 5 also shows that Ec values for both ZnSG coatings increase

approximately linearly with time after immersion, which is indicative of the gradual

dissolution of Zn.
(Figure 5)
3.5 EIS Results

Figure 6 shows the Bode plots obtained for a.) CSG and b.) CZnSG obtained after
immersion in 0.86 M NaCl for varying periods of time and Table 3 shows time dependent
low frequency impedance values obtained from Figure 6. For CSG coatings, the value of
|Z| remains fairly uniform over the frequency range and decreases with immersion time.

The phase angle remains near zero (~-10 °) for the entire time of immersion (Figure 6a).
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For CZnSG coatings, the values of |Z| recorded (Figure 6b) are ~3 times smaller than
those measured in the absence of Zn. The gradient of the |Z| Bode plot tends toward -0.5
(Figure 6b) after longer periods of immersion. The phase angle values recorded at the
lowest frequencies during the initial times of immersion indicate that the overall circuit
impedance is dominated by resistive elements. The same is true at the high frequency
limit at which |Z| tends toward the solution resistance (Rsoiution). The deviation away from
this behaviour at longer immersion times (20-24 hours) is likely to be a result of the

system becoming diffusion limited.
(Figure 6)

(Table 3)

3.6 SVET Results

Intact coatings: Figure 7 shows the SVET derived normal current density values
measured above CSG, ZnSG and CZnSG coatings immersed in 0.86 NaCl after various
periods of time. For CSG coatings (Figure 7a) the anodic (red) and cathodic (blue) j,
values recorded are relatively small and spread evenly over the surface of the sample. The
J. values recorded above ZnSG coated steel (Figure 7b) are an order of magnitude larger
than those observed for CSG coatings and in the region of those expected in the case that
electron transfer is not limited by an insulating coating. The cathodic current is spread
evenly across the surface and appears to dominate the sample surface. This effect has
previously been attributed to the vibration of the SVET probe which tends to increase the

transport of O, to the metal surface >*°*

and which has previously been shown to increase
the oxygen reduction current by 3-4 times > It is also worth considering that SVET

detects net current values and is only able to detect localized corrosion currents which
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arise from anodic and cathodic sites separated by distances greater than the scan height
(in this case 100 um). In the case of general corrosion the current flux lines will no longer
cross the plane of scan and will not be detected. ** *® It is therefore possible that the

SVET is unable to resolve anodic areas present within the ‘net’ cathodic defect region

Small regions of localized anodic activity are also apparent. The ZnSG coatings are
porous and are therefore expected to become permeable with respect to the experimental
electrolyte, to some extent at least. However, red rust (indicative of anodic iron
dissolution) was not observed anywhere on the sample surface, even at the end of the 24
hour experimental time period. It therefore seems reasonable to assume that the anodic
current density regions detected by SVET arise from the sacrificial anodic dissolution of
zinc particles in the coating, and not from attack on the underlying steel substrate. In the
case of CZnSG coated steel slightly smaller current density values (~0.5 times those
measured for ZnSG) were recorded (Figure 7c). The net anodic area appears to increase
with immersion time. Figure 8a and 8b show that the corresponding integrated anodic
current density, and accumulated mass loss, obtained using Equation 3 and Equation 4

respectively, are higher in the case of CZnSG coatings, compared to ZnSG coatings.
(Figure 7)
(Figure 8)

Sacrificial protection by ZnSG: The ability of ZnSG coatings to provide sacrificial
protection to the underlying steel substrate was investigated by creating an artificial
coating defect by mechanical abrasion of the coating. Figure 9 shows the SVET derived
normal current density values measured above CSG, ZnSG and CZnSG coatings in the

presence of a5 mm x 2 mm (12 % of total area) defect. As expected, for CSG (Figure 9a)
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the coating is unable to offer any sacrificial protection. Immediately after immersion a net
cathodic area covers half of the sample, whilst the other half remains anodic. Fairly
rapidly a strong net anode is established in the defect region which is covered in red rust
following 24 hours of immersion. Lower j, values are observed on the intact coating,
which acts as a partial barrier to electrolyte ingress. In comparison, for ZnSG coatings
(Figure 9b) the exposed steel remains cathodic with respect to the ZnSG surface.
Whereas the anodic j, are distributed evenly over the surface of the intact coating, the
anodic j, recorded for CZnSG coatings are localised at the defect edge during the first 4
hours of immersion. The anodic current becomes more evenly distributed as immersion
time increases. The re-distribution of anodic activity within the first few hours of
immersion can be seen more clearly in Figure 10 which shows the j, values recorded
along the dotted lines in Figure 9c at various times of immersion. Values of up to ~ 1.3
A.m™ are observed within the defect region during the initial scan. After just 2 hours this
value has fallen significantly and any remaining anodic activity (~ 0.3 A.m™) is localized
at the defect/coating interface. After 8 hours the anodic current density at the defect/
coating boundary is similar to that observed over the remainder of coated region of the
sample. Figure 11b shows j, values recorded along the dotted lines shown in Figure 9c
during the later stages of CZnSG immersion. Between 12 and 20 hours the net cathodic
current density progressively decreases from ~ 0.4 Am?to ~ - 0.2 A. m? within the
defect region and there is some evidence that the same process occurs for ZnSG coatings.
When considering Figure 10 it should be bourne in mind that the j, values shown are only

taken from one scan line and resultantly the anodic and cathodic currents do not balance
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For both ZnSG and CZnSG coatings the iron surface behaves as a net cathode for the 24
hour duration of the experiment and red rust is not observed on either surface following

24 hours of immersion.

(Figure 9)

(Figure 10)

Figure 11a and Figure 11b show the corresponding integrated anodic current density, and
accumulated mass loss, obtained using Equation 3 and Equation 4, respectively. As with
Figure 8, the reason for the higher values obtained for CZnSG coatings is, as yet,
unknown. Regardless, it is clear, from both Figure 9 and Figure 11, that ZnSG coatings
are able to provide sacrificial protection to the underlying substrate in the presence of the

green coloured pigment.

(Figure 11)

Having established the ability of ZnSG coatings to provide sacrificial protection to the
underlying substrate, the effect of defect area was investigated. Figure 12 shows the
SVET derived normal current density values measured above ZnSG coatings in the
presence of defects of varying size. In all cases the defect remained cathodic for the
entirety of the experiment time period (24 hours). For defects covering 25 % (Figure 13b)
and 52 % (Figure 12c) of the total area, small anodic regions are observed within the
cathodic defect region towards the end of the experiment. However, red rust was not
observed on the surface after 24 hours of immersion, even in the case of the largest defect
(covering 52 % of total area). Figure 13a and Figure 13b show the corresponding
integrated anodic current density, and accumulated mass loss, obtained using Equation 3

and Equation 4, respectively. In both cases the values recorded increase when the
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exposed area increases from 12 % to 25 %. This increase in Zn dissolution is expected in
the case of a bigger cathode area. A decrease in both values are observed when the

exposed area is increased to ~52 % of the total area.
(Figure 12)

(Figure 13)

4. Discussion

4.1 CSG coatings: In the absence of Zn, CSG coatings provide barrier protection (and not
sacrificial protection) to the underlying substrate (Figure 5). This results in the low |,
values recorded above an intact CSG coating immersed in NaCl (Figure 7a). The values
of total impedance|Z| recorded upon initial immersion are low compared to those
previously reported for sol-gel coated steel (where coating thickness is comparable to, or
less, than that used here) *>°" This suggests that sol-gel (used in isolation) is a poor
barrier coating *® and is consistent with the known inherent porosity associated with this
type of coating. ** The low phase angles shown in Figure 6a indicate that the system is
dominated by resistive characteristics. The value of |Z] is likely to tend toward that of the
coating resistance (Rcoating), Which is believed to originate from columns of electrolyte
which form within the porous structure of the organic polymer coating and allow limited
contact between the electrode and solution. As |Z| tends to be dominated by, and have
characteristics of, the smallest individual impedance it follows that the capacitor
impedance be significantly higher than ~ 1000 Q.cm’, even at a frequency of 100, 000
Hz. To check the plausibility of this statement the value of the coating capacitance was
calculated using Equation 5, where A is the coating area (in this case 1 cm?), d is the

coating thickness (~ 30 um) and ¢, is the permittivity of free space. The dielectric
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constant of the CSG will vary with water content, but is, in the first instance, assumed to
be that of silica (~ 3.8) **®. The calculated value (~ 0.1 nF) can be used in Equation 6 to
determine the capacitor impedance at a frequency (f) of 100, 000 Hz. The value obtained
(10* Q.m™) is an order of magnitude larger than the value of |Z|. This finding is
consistent with the system for which |Z| is dominated by the resistive characteristics of
the coating. There is a slight decrease in the phase angle at the highest frequency which

may indicate that the capacitor impedance is becoming more dominant.

_ ZocA
c=" (5)
1
Z= 2nfC (6)

The time dependent decrease in |Z| (Figure 6a) is consistent with the gradual ingress of

electrolyte which, in time, reaches the steel substrate.

In the case that the coating is not fully intact, for example at pores in the coating (Figure
2a) or at artificial coating defects (Figure 2b) the CSG is unable to offer sacrificial
protection and anodic attack initially occurs within the defect (Figure 9a). As time
progresses, the electrolyte will ingress through pores in the CSG to the substrate and it is
predicted that a net anode and cathode would eventually divide the underlying steel (as is

the case on plain steel).

4.2 ZnSG: ZnSG coatings are able to provide sacrificial protection to the underlying steel
substrate (Figure 5) and substrate corrosion was not observed on intact (Figure 3a) or
scribed coatings (Figure 3b) after 42 days of salt spray exposure. Coatings were able to
provide sacrificial protection to artificial coating defects (where the underlying steel

substrate was exposed) which covered up to 52 % of the total sample area for 24 hours of
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immersion in 0.86 M NaCl and red rust is not observed following immersion (Figure 12).
The delay in the galvanic effect, and in the establishment of discrete anodic and cathodic
sites, increases with defect size. A similar time-dependent evolution of galvanic current
was observed during a scanning reference electrode technique (SRET) study into the
galvanic corrosion processes occurring in the region of coating defects and cut edges on
galvanised (Zn) steel ®*®2 The build-up of galvanic current probably reflects a time-
dependent depassivation of the zinc surface and the establishment of stable sites of anodic
zinc (powder) dissolution. The stabilization and lateral spreading of anodic activity
occurs as a consequence of local changes in electrolyte composition at anodic sites. An
aggressive anolyte (with reduced pH and increased chloride activity) develops through a
combination of electro-migration (of CI") and hydrolysis (of Zn**).%® The galvanic
current produces an alkaline catholyte by forcing the ORR onto the iron surface, leading
to the evolution of passivity (and suppression of anodic dissolution) on iron. This process
is visualized in Figure 9 and Figure 10 which show that the anodic current is initially
concentrated at the defect/coating interface. As time progresses Zn dissolution occurs

uniformly along the coating and a plateau in current density is observed.

The increase in SVET derived integrated anodic current density (Figure 13a), and
accumulated mass loss (Figure 13b) when the exposed area increases from 12 % to 25 %
of the total surface area is consistent with an increase in Zn dissolution which is expected
in the case of a larger cathode area. Figure 13b also shows that, between 4 and 12 hours,
the total anodic current recorded for a 25 % exposed area is ~ 2 x that measured in the
case that 12 % of the area is exposed. This indicates that the anodic current is directly
proportional to the exposed area and is consistent with efficient sacrificial protection of

the steel by the zinc based coating. The total cathodic current emerging from the defect
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which covered 25 % of the total area was almost double that recorded when 12 % was
exposed. This finding implies that the individual cathodic j, values (measured on the steel
defect) are independent of exposed area and supports the notion that the localised
corrosion observed is under cathodic control (i.e twice the anodic current is recorded
when doubling the defect area). The progressively decreasing current values with time is
likely to be a result cathodic deactivation through precipitation which inhibits the ORR
occurring on the steel surface. This ‘cathodic self-healing’ mechanism has been observed
previously during the study of cut edge corrosion occurring on Zn galvanised steel sheet.
%589 The zinc cations (at the anodic sites) interact with the hydroxide ions (produced at
cathodic sites) to form zinc based corrosion products on the active cathode. ®° This
process is controlled by the increase in interfacial pH and the precipitation of white zinc
based corrosion product formed on the region of exposed steel (scribe) in Figure 3 and

Figure 4 and within the defect area in Figure 9c.

This relationship appears to break down for a larger defect size (defects covering 52 % of
the total area). Small anodic regions are observed within the cathodic defect region
towards the end of the experiment (Figure 12c¢) and it is assumed that significant anodic
activity becomes co-located on the steel. It then seems plausible that subsequent decrease
in integrated anodic current density (Figure 13a), and accumulated mass loss (Figure 13b),
observed when the exposed area is increased to 52 % of the total area, is a consequence
of the limitations of the SVET to resolve localized corrosion. In the case that spacing is
smaller than the scan height, it is possible that current flux lines do not cross the plane of
scan and that the SVET is unable to resolve anodic areas present within the ‘net’ cathodic

defect region. %
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4.3 CZnSG; As demonstrated by the open circuit potential measurements shown in Figure
5, CZnSG coatings are able to provide sacrificial protection to the underlying steel
substrate and substrate corrosion is not observed on scribed coatings after 42 days of salt
spray exposure (Figure 4). Zn corrosion occurs over the entirety of the intact CZnSG
coating, which appear white after 24 hours of immersion (Figure 9c). Corrosion product
is also found to form within defects in the CZnSG coatings. This corrosion product build
up leads to the reduction in cathodic current density observed in Figure 10. The value of
CZnSG coating resistance (obtained using data given in Table 1 and Table 2 ) is low
(~1.8 mQ), and charge transfer resistance (Rct) is thought to dominate at low frequency
values. The gradient of the |Z| Bode plot tends toward -0.5 (Figure 6b) after longer
periods of immersion. This is consistent with finite diffusion control and a semi-infinite
Warburg diffusion characteristic which is believed to be a result of the more torturous
route of oxygen diffusion experienced in the presence of this corrosion product. The
reasons for the increase in SVET derived anodic j, values and the associated accumulated
mass loss, recorded for CZnSG compared to ZnSG coatings, is unclear. However, given
the reduction in conductivity observed for CZnSG coatings (compared to ZnSG coatings),
it is plausible that the coloured pigments give some physical obstructions to Zn
connectivity. In the presence of an artificial defect emerging anodic current is focused on
the defect edges over the first 4 hours of immersion, and becomes more uniformly
distributed as immersion time increases. This is consistent with the notion that the
coloured pigment, present in CZnSG coatings, acts as a barrier which restricts the ability
of the Zn (present within the coating) to couple with the underlying steel substrate. The
defect edge presents a low resistance pathway through which the local galvanic cell

current can emerge. It is also plausible that increased porosity/defects exist in coloured
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coatings due to the presence of the coating additive used to aid in pigment wetting and

dispersion.

Despite the decreased protection observed for CZnSG, the sacrificial protection offered is

deemed adequate for a single layer Zn rich coating.

5. Conclusions

An electrochemical investigation into the ability of zinc rich sol gel coatings to provide

sacrificial protection to steel substrates was conducted to show that;

For CSG coatings the impedance remains uniform over the frequency range and
the coatings behave as resistors. The value of |Z| decreases with immersion time.
For CZnSG coatings the gradient of the |Z| Bode plot tends toward -0.5 after
longer periods of immersion and is consistent with a semi-infinite Warburg
diffusion characteristic which is believed to be a result of the more torturous route
of oxygen diffusion experienced in the presence of this corrosion product.

For intact CSG coatings SVET derived j, values are relatively small and
consistent with those expected in the case that limited electron transfer occurs.
CSG coatings are unable to offer any sacrificial protection in the presence of a
coating defect.

For both ZnSG and CZnSG coatings the exposed steel remains cathodic with
respect to the coating for the entire 24-hour experimental time period. The SVET
derived integrated anodic current density, and accumulated mass loss values
obtained are higher for CZnSG coatings, compared to ZnSG coatings.

ZnSG coatings are able to provide sacrificial protection (remains cathodic) for 24

hours in the presence of defects which cover up to ~ 52 % of the total sample area.
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The SVET derived integrated anodic current density and accumulated mass loss

values increase when the exposed area increases from 12 % to 25 %.

It is proposed that;

e CSG coatings are only able to provide barrier protection (not sacrificial
protection) to the underlying substrate and anodic attack initially occurs locally
within any coating defects. As time progresses the electrolyte will ingress through
pores in the CSG and corrosive attack will be spread eventually over the substrate
surface.

e ZnSG coatings are able to provide sacrificial protection to the underlying steel
and an increase in defect size results in the increased dissolution of Zn and at
prolonged time periods anodic dissolution of the underlying substrate may occur.

e CZnSG coatings are able to provide sacrificial protection to the underlying steel
substrate. However, it is plausible that the presence of coloured pigments
physically obstruct Zn connectivity and act as barriers which restricts the ability
of the Zn to couple with the underlying steel substrate. Another possibility is that
increased porosity/defects exist due to the presence of the coating additive used to

aid in pigment wetting and dispersion.
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Table 1. Coating composition.

Coloured | ZnSG | Coloured
SG ZnSG
Thickness (um) 38+5 31+5 30+5
Sol gel (Vol %) 915 37.3 36.9
Zinc (Vol %) 0 60.4 59.7
Silica (Vol %) 5.5 2.2 2.2
Green Pigment 3.0 0 1.2
(Vol %)
Table 2. Coating conductivity Measurements.
Conductivity
(S.m™)
ZnSG 250147
Coloured ZnSG 170£32
SG <2x107?
Table 3. EIS derived |Z| at 0.1 Hz.
Immersion time (hours) 1Z] (Q.cm™)
CSG CZnSG
1 1421 229
2 2822 237
3 1060 221
4 1025 219
5 1015 224
6 995 228
7 991 230
8 978 237
9 o977 248
10 972 262
11 961 275
12 853 288
13 845 304
14 842 319
15 748 329
16 735 336
17 732 348
18 730 365
19 730 379
20 727 386
21 730 433
22 720 466
23 715 500
24 712 528
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8. Figure Legends

Figure 1. A schematic representation the process followed during the manufacture of the
sol-gel based binder.

Figure 2. Optical images of scribed and un scribed CSG coatings after various times of
exposure to an accelerated cyclic corrosion test according to 1ISO 14993.

Figure 3. Optical images of scribed and un scribed ZnSG coatings after various times of
exposure to an accelerated cyclic corrosion test according to 1ISO 14993.

Figure 4. Optical images of scribed and un scribed CZnSG coatings after various times of
exposure to an accelerated cyclic corrosion test according to 1SO 14993.

Figure 5. Ecorr as a function of time for intact CSG, ZnSG and CZnSG coatings immersed
in 0.86 M NaCl for 24 hours.

Figure 6. Bode and Nyquist plots produced using data obtained during EIS investigations
of a.) CSG and b.) CZnSG coatings immersed in 5 % NaCl for 24 hours. The input AC
amplitude was 10 mV and the frequency range was from 0.05 Hz to 100 kHz.

Figure 7. SVET derived surface maps showing the distribution of normal current density
J; above intact a.) CSG, b.) ZnSG and c.) CZnSG samples freely corroding in near neutral
0.86 M NaCl after various immersion times.

Figure 8. SVET derived a.) integrated anodic current density and b.) accumulated mass
loss as a function of time in the case of intact CSG, ZnSG and CZnSG coatings immersed
in 0.86 M NacCl for 24 hours.

Figure 9. SVET derived normal current density values measured above CSG, ZnSG and
CZnSG coatings in the presence of a 5 mm x 2 mm (12 % of total area) defect after
various times of immersion in 0.86 M NaCl. The optical images show the surface
appearance of each sample following immersion in 0.86 M NaCl for 24 hours.

Figure 10. A plot of the j, values recorded along a.) the dotted lines shown in Figure 9
after various immersion times shown along with schematics showing the mechanism by
which coatings are believed to provide sacrificial protection to the steel substrate at
coating defects.

Figure 11. SVET derived a.) integrated anodic current density and b.) accumulated mass
loss as a function of time in the case that 5 mm x 2 mm (12 % total area) artificial defect
is created in the CSG, ZnSG and CZnSG coatings which are then immersed in 0.86 M
NaCl for 24 hours.

Figure 12. SVET derived normal current density values measured above ZnSG coatings
in the presence of a a.) 5 mm x 2 mm (12 % of total area), b.) 5 mm x 4 mm (26 % of
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total area), c.) 7 mm x 6 mm (52% of total area) defect after various times of immersion
in 0.86 M NaCl.

Figure 13. SVET derived a.) integrated anodic current density and b.) accumulated mass
loss as a function of time in the case that artificial defects of varying size are created in
ZnSG coatings which are then immersed in 5 % NaCl for 24 hours.
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