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Highlights

e Graphene nano-platelets (GNP) reduce corrosion-driven cathodic delamination rates.
e GNP act principally to slow through-coating oxygen diffusion when coated on iron.

e When the GNP are coated on zinc, a galvanic couple is formed.

e The galvanic coupling of the GNP and zinc may displace cathodic oxygen reduction.

Abstract

In-situ Scanning Kelvin probe (SKP) measurements are used to follow the corrosion-driven cathodic
delamination kinetics of model coatings comprising graphene nano-platelets (GNP) dispersed in
polyvinylbutyral (PVB) adherent to iron and zinc (galvanised steel). To reduce delamination rates by
>90% (relative to unpigmented PVB) a GNP volume fraction of 0.056 is required on iron but only 0.028
on zinc. On this basis, together with work function and O, permeability data it is proposed that the
GNP acts principally to slow through-coating oxygen transport on iron; whereas on zinc a galvanic

couple forms between zinc and GNP, displacing cathodic oxygen reduction.



Keywords: Graphene nano-platelets, scanning Kelvin probe, cathodic delamination, iron, zinc.

1. Introduction

The benefit of graphene and graphene-composites for corrosion protection is a current topic of
interest [1-5] and the principal mechanism by which inhibition occurs is a contentious issue.
Many publications speculate that reduced permeation to oxygen and water is the principal
mechanism, (Fig. 1.b)[4,6-15].Others suggest that the electrical conductivity of graphene
enables it to support electron transfer reactions, displacing electrochemical activity away from
the metal surface and into the graphene coating (Fig. 1.c)[2,5,16]. These mechanisms are
illustrated schematically in Fig. 1. Thus, in Fig. 1la an unpigmented, electronically non-
conductive coating allows relatively facile O transport and cathodic O> reduction occurs at the
metal-coating interface. In Fig. 1b a GNP-polymer composite coating exhibits reduced O>
permeability due to the increased tortuosity of O diffusion pathways. In Fig.1c electronic
conduction pathways from the metal substrate through and interconnected network of GNP
particles allows cathodic O reduction to become displaced from the metal coating interface
and into the coating. Conversely, it should be noted that making the coating a cathode might
have a corrosion accelerating effect where metal is exposed at a coating defect due to coating-
defect coupling. Here, we aim to establish the dominant mechanism for hot dip galvanised steel
(HDG) and iron substrates using the Scanning Kelvin probe technique (SKP), and findings
from Part | of this paper, to assess the effect of in-coating GNP on an important failure

mechanism, cathodic delamination.

Figure 1



In the case of unpigmented polymer coatings, delamination is driven by an electrochemical cell
via the galvanic coupling of anodic metal dissolution in the defect region with cathodic oxygen
reduction at the advancing delamination front (Eq. 1 and Eq. 2 respectively) as depicted in the
schematic in Fig.2. The electrochemical reduction of molecular O> leads to the generation of
OH-  ions that render the cathodic delamination zone highly alkaline (i.e. > pH 10)[17,18].

Figure 2

The formation of hydroxyl radicals as intermediates in the cathodic reduction of oxygen has
also been implicated in attacking the organic binder by oxidative degradation [17]. A thin, gel-
like layer of electrolyte ingresses underneath the coating and loss of adhesion is widely

attributed to alkaline attack on the coating-metal bond [19](Eqg. 4).

M = M"+ne eq. [1]

O2,+2H0+4e = 40H eq. [2]

In the current study, experiments were carried out on iron and HDG substrates in high humidity
(95%) air where a 0.86 M aqueous NaCl electrolyte was added to a penetrating defect. By
systematically varying the non-functionalised graphene nano-platelet (GNP) content dispersed
in polyvinyl butyral (PVB) primer coatings in contact with the substrate, it was possible to
assess the rate and time dependent order of cathodic delamination kinetics. The SKP technique
is a well-established method for determining the kinetics of corrosion-driven organic coating
failure/delamination, as a means of establishing the relative efficiency and inhibitive
mechanisms of coating containing dispersed inhibitive pigments [20—24] and for various other
corrosion studies [25-27]. The oxygen permeation, conductivity and Volta potential data

presented in Part | of this paper have been used to support our hypotheses.

2. Materials and methods



Materials: Iron foil (99.99% purity) of 1.5 mm thickness was obtained from Goodfellow
Metals Ltd. This was cut into square coupons of 50 mm x 50 mm. Hot dip galvanized steel
(HDG) samples, provided by Tata Steel UK, comprising 0.7 mm gauge mild steel coated with
a Zn layer of 20 um (also containing 0.2% Al) were also cut into square coupons of 50 mm X
50 mm. All chemicals were supplied by Sigma-Aldrich Chemical Co and were of analytical
grade purity. GNP pigment obtained from Haydale Itd and characterized previously [34] was
dispersed in PVB at various pigment volume fractions (¢) [34].

Methods: Design and operation of the SKP apparatus has been described extensively elsewhere
[20,29,30]. The sample preparation procedure was based on the methods presented in work
carried out by Stratmann et al [19,29,33]. Polyvinyl butyral (PVB) solutions MW 70,000-
100,000 were prepared in ethanol (15.5% w/w) and the required amount of GNP were added
and thoroughly mixed. An agqueous slurry of 5 um alumina was used to hand-polish the sample
surface to remove any contaminants and a pre-existing oxide layer. Degreasing was carried
out via an acetone rinse followed by air-drying. PVB solution containing the appropriate
amount of GNP was bar-cast onto a pre-cleaned sample and room-air dried. Strong film
adhesion was observed in both wet and dry form where it was not possible for the film to be

peeled off by hand.

All delamination experiments were carried out in an enclosed SKP chamber maintained at a
constant 95% RH and 25°C. Delamination was initiated on each occasion by introducing ~2
cm?® of 0.86 M wt/v aqueous NaCl (pH 7) into the penetrative coating defect region. The SKP

reference probe consisted of a gold wire of diameter 125 um vibrating vertically at 280 Hz and

amplitude of 40 um at a distance of 100 um above the sample surface. A‘Psgg?gle data points

were recorded at 20 per mm. The SKP reference probe was scanned over the coated surface

along a 12 mm line normal to, and adjacent with, the defect-coating boundary. Scanning



commenced immediately on the addition of electrolyte and thereafter at hourly intervals over

a period of > 24 h.
3. Results
SKP Potentiometry

When iron or HDG zinc substrates coated with PVB or PVB-GNP were subject to SKP

. . I .
scanning in air at 95% RH the measured values of A‘Psgg;g ® were found to be substantially

uniform over the sample surface and became stable (time-independent) after approximately 2

hours. Fig. 3 shows area-averaged (20 data points per millimetre over a length of 12 mm

. o | .
repeated 4 times and 1 mm apart) time-independent A‘PSSS;E ® values plotted versus dene and it

. . le . : :
may be seen that for both iron and zinc substrates A‘PSSLTS ® increases monotonically with dne.

. | :
The significance of A‘I’Sgcrﬂg ® for polymer-coated metal has been discussed at length elsewhere

[28,31,33]. Briefly, for nonconducting polymers A‘I’sgg:g " reflects the open-circuit potential of

the oxide-covered metal surface, influenced as this may be by reaction with atmospheric O
and/or Bronsted acid-base interactions occurring between the oxide and polymer coating.
However, as shown in Part | of this paper[34], electronic conductors such as GNP can establish

a contact potential when brought into electrical contact with a conducting (metallic) substrate.

) . . | . .
The results shown in Fig. 3 may therefore be understood in terms of ATSS‘;TS ° being determined

by the redox state of iron surface oxide and non-faradaic oxide-PVB interactions when dbene =

zero, but becoming progressively influenced by the substrate-GNP contact potential as ¢one

increases.

Figure 3



L le . : :
For zinc, it may be seen that A‘Psgg,]g ® increases monotonically with done from -0.7 V

for dene = zero (pure PVB) to 0.24 V for dene = 0.056. Further increase in dene (UP tO dene -

sample

0.12) produces little additional change in A¥ 4,1 (~ 0.07 V). These findings suggest that any

. | : . N
promotion of A‘I’Sggge owing to the development of a GNP-zinc contact potential is

substantially complete for ¢ene > 0.06. In part I, the value for A‘Psggfgle was found to be ~ 0 V

for dry GNP powder in electrical contact with zinc, but a comparison with Fig. 3 shows that,

when a PVB-GNP composite coating of ¢ene > 0.06 is present, the A\ys;‘{,‘}fj'e value was found

to be ~ 0.3 V. This apparent discrepancy is explicable on the basis of changes in the surface-
air dipole due to the presence of PVB and adsorbed water at 95% RH. Previous work has shown
that surface-air dipole potentials can differ by ~ 0.3 V between a water-air and water-PVB air

interface [26]. A similar reasoning may be applied in the case of iron, where (Fig. 3) shows

le . .
that A‘Psgmge increases by ~ 0.3 V as ¢ene iIs increased from zero to 0.12. The smaller

[ : :
dependency of A‘I‘Sggfg ® on dene for the iron substrate reflects the smaller iron-GNP contact

potential reported in part | of this paper [34].

Final evidence that the ¢ene dependent increase in A‘Pssmge seen in Fig. 3 arises

primarily as a result of the GNP-substrate contact potential and not (for example) simply as a
result of a done dependent variation in surface dipole was obtained from the experiment shown
schematically in Fig. 4. A zinc (HDG) substrate was partially coated with a 16 um thick layer
of unpigmented PVB and then overcoated with smaller area of 16 um thick PVB-GNP
composite (dene = 0.056). By so doing the PVB-GNP composite coating was produced in such
a way as to be adherent to, but electronically isolated from, the zinc substrate. The SKP then
scanned over a length of 8 mm, travelling from a region of the uncoated zinc substrate to the

PVB coated substrate and finally the PVB-GNP overcoated PVB coated substrate. Scans were



taken at 1 hour intervals for a 12-hour period in air at 95%RH and became stable (repeatable)
after 2 hours. The time-independent Volta potential profile thus obtained is shown

superimposed on the experimental geometry in Fig. 4. It may be seen that no significant change

in A‘Psgggle was observed between the PVB coated and PVB-GNP over-coated regions of the

sample. The increase in A\I‘sgg:g ; of approximately 320 mV which occurs when scanning from
the bare zinc (HDG) surface to the PVB coated surface may reasonably be attributed to the
polymer-air dipole contribution. A change in potential of approximately 220 mV was

previously reported when air-water was replaced with an air-PVB. [31]. These findings tend

. . | - : :
to confirm that the large increase in ATS;‘;TS ® observed with increasing dene (Fig. 3) must result

o . |
primarily from a GNP-substrate contact potential. It should be noted A\PS;{,‘IS ® over the bare

zinc (HDG) surface is approximately -1100mV which is slightly less negative than the value
of -1200mV reported for pure zinc in Part | of this paper. This difference reflects the relative

impurity of the HDG zinc layer and the difference of RH (95% here vs 50% in Part | [34]).
Figure 4

Delamination of PVB coatings on iron

For unpigmented PVB adherent to an iron substrate, corrosion-driven cathodic

delamination became initiated within 2 hours of electrolyte introduction at the coating defect

and was identified by the development of distinctive time-dependent A‘PSS(T,]S ® vs. distance

profiles, as shown in Fig. 5a. These profiles are produced by ionic current flux passing along
the thin layer of electrolyte which ingresses beneath the delaminated coating and producing an
ohmic potential gradient linking the anodic site at the coating defect (Eq. 1) to the site of

cathodic oxygen reduction (Eq. 2) at the coating delamination front [24]. Fig. 5b shows

representative A‘Psgg;g ® vs. distance profiles for a PVB-GNP composite coating containing a



GNP volume fraction (¢dene) of 0.056. A comparison of Figs. 5a and 5b shows that the extent
of delamination produced after a holding period of 24 h becomes significantly reduced (relative
to unpigmented PVB) when GNP pigment is present.
Figure 5

It should be noted that in previous publications where SKP has been used to follow the
kinetics of cathodic disbondment, AY values have typically been converted to values of
electrochemical potential or free corrosion potential. The calibration method for so doing is
straightforward and has been described in detail elsewhere. However, because of the evolution
of metal-GNP contact potentials, described in part 1 of this paper, we believe that a conversion
to electrochemical potential might be inappropriate and misleading in the case of GNP
pigmented coatings. For this reason, all subsequent results will be presented and discussed in

terms of unconverted AY values.

[ . . : : :
Values of A‘Psgg;g ® measured in the intact (undelaminated) coated region remained

stable throughout the experiment and were entirely similar to those reported in Fig. 3. The
position of the delamination front is taken as the midpoint of the sharp drop in potential from
the intact coating region, as described previously [19]. Delamination kinetics were determined
by plotting delaminated distance (Xqer) against time minus the time for delamination to become
initiated (tdel - ti) as shown in Fig.6. A marked change was observed in delamination kinetics
when GNP pigments were introduced into the coating. Systematically increasing ¢ene Was
found to produce a progressive reduction in delamination rate but also a change in kinetic order
with respect to time, from parabolic (t*2 dependence) to zero order (linear with respect to t).
These effects are clearly shown in the curves plotted in Fig. 6, where only the curve derived
from unpigmented PVB plot shows deviation from linearity.

Figure 6

Delamination of PVB-GNP coatings from HDG substrates



When delamination experiments were carried out using unpigmented PVB coatings
adherent to zinc (HDG) substrates, the initiation time for delamination was found to be similar

to that for iron surfaces, i.e. within 2 h of electrolyte being added to the penetrating defect.

Thereafter, time-dependent A‘Psgggle vs. distance profiles became established as shown in Fig.

7a. Fig. 7b shows representative A‘Psgg?gle vs. distance profiles obtained from a PVB-GNP

composite coating containing a GNP volume fraction (dene) 0f 0.028. A comparison of Figs.
7a and 7b shows that the extent of delamination produced after a holding period of 24 h

becomes significantly reduced (relative to unpigmented PVB) when GNP pigment is present.

. | . : . . .
Again, values of A‘Psgg;g ® measured in the intact (undelaminated) coated region remained

stable throughout the experiment and were entirely similar to those reported in Fig. 3. As in the
case or iron, systematically increasing ¢ene Was found to produce a progressive reduction in
delamination rate but, in contrast to iron, no change in Kinetic order was observed — ie.
delamination kinetics remained parabolic. Plots of Xgel Vs. (tgel - t)), are shown for various
dene in Fig. 8 and it may be seen that all the curves retain linearity for both unpigmented and

pigmented PVB coatings.

Figure 8

3. Discussion

For uninhibited PVB coatings, it has been demonstrated previously that delamination from iron
and HDG surfaces is controlled by the under-film mass transport (migration) of cations (in this
case Na*) from the defect site to the cathodic delamination front [29], giving rise to parabolic

delamination kinetics (half order with respect to time) in which xqe increases as (t-t;)Y/2.



This behaviour is clearly the case for unpigmented PVB coatings on both iron (Fig. 6, curve i)
and zinc (Fig. 8, curve i). However, as the volume fraction of GNP in the PVB-GNP coatings
is increased, a marked deviation in behaviour is observed between the iron and zinc substrates.
In the case of zinc (Fig. 8, curves ii - v) the Xqel Vs. (t-ti)¥/2 plots remain linear throughout. In
the case of iron (Fig. 6, curves ii - v), the kinetics become substantially linear (zero order with

respect to time) for all GNP > 0.028.

The first implication of the above findings is that, for the zinc substrate, coating
delamination rates remain controlled by the under-film Na* cation migration, albeit with a
parabolic rate constant (Kqel) Which decreases with increasing dene. Results of this nature could
be produced by either: i) GNP pigmentation acting to increase the tortuosity or difficulty of the
Na* migration pathway or ii) GNP pigmentation acting to increase the quantity of charge
required (and therefore the number of Na* ions) to pass through the delamination cell to
produce unit delamination. The second implication is that, for the iron substrate, Na* migration
ceases to be rate controlling for all ¢ene > 0.028. A result of this nature is consistent with a
vertical process (one not dependent on Xqer) becoming rate determining as dene increases, such
a vertical process could be either: i) diffusional mass transport of O through the coating or ii)
the electrochemical electron transfer process associated with the cathodic oxygen reduction

reaction (Eq. 2).

In assessment of the above, we can eliminate the theories that do not hold up for both
substrates. Any increase in the tortuosity of under-film Na* migration pathways produced
directly by the presence of GNP particles in the PVB-GNP coating would be expected to be
identical for iron and zinc surfaces. As the effects of increasing ¢ene 0N delamination kinetics
are very different for iron and zinc (Figs. 6 and 8), this hypothesis is unlikely and can be

eliminated. Likewise, any reduction in cathodic electron transfer rate caused by the PVB-GNP



coating on iron substrates would also be expected to occur on the zinc surface. The failure to
observe linear (zero order) delamination Kinetics for zinc surfaces in the presence of GNP

additions again renders this hypothesis unlikely.

The linear delamination kinetics demonstrated for iron surfaces when GNP pigment is
present (Fig. 6) are immediately consistent with the notion of vertical O, mass transport
becoming rate determining due to an increase in the tortuosity of O, diffusion pathways, as
shown schematically in Fig. 1c. It can also be shown that the delamination rates correlate well
with the through-coating O2 permeation data previously measured for the PVB-GNP coating
[34]. Fig. 9, curve (iii) shows dimensionless delamination rates obtained from the various Xde
vS. (tgerti) slopes in Fig. 6 plotted versus dene. The delamination rates are all normalised to the
initial rate in the case of ¢one = 0 (where it is assumed that, as Xqel and cation migration length
tends to zero, under-film cation migration ceases to be rate limiting). Curve (ii) in Fig. 9 shows
the corresponding through-coating O2 permeabilities, again dimensionless and normalized to
the permeability for ¢ene = 0 (pure PVB). It may be seen that curves (iii) and (ii) of Fig. 9 are
very similar and fractional reductions in coating delamination rate are of the same magnitude

as the fractional reduction in O permeability.
Figure 9

For zinc, cathodic delamination kinetics are significantly more sensitive to GNP
additions than is the case for iron. Curve (i) in Fig. 9 shows dimensionless parabolic
delamination rate constants obtained from the various Xdel vs. (taei—ti)*2 slopes in Fig. 8 plotted
versus ¢one. The rate constants are all normalised to the rate constant in the case of ¢one = 0
(pure PVB). In contrast to iron, a comparison made between curves (i) and (iii) of Fig. 9 shows
a very poor correlation between delamination rate constant and through-coating O:>

permeability. The measured fractional reductions in delamination rate constant are many times



(4.5) the fractional reduction in Oz permeability at intermediate values (0.028) of dene. These
findings, taken together with the retention of parabolic delamination kinetics on zinc could be
explained on the basis of an increase in the amount of charge (the number of Na* ions) required
to produce unit delamination on zinc. This, in turn, could be explained on the basis of a
displacement of the cathodic reduction reaction away from the metal substrate coating interface

and into the coating, as shown schematically in Fig. 1c.

Metal-GNP contact potential difference of ~0.6 V and ~1.2 V were measured for iron
and zinc respectively [34]. Furthermore, the relative magnitude of these contact potentials are
reflected in variation of coated sample potential difference with increasing ¢ene Seen in Fig. 3.
It has been argued theoretically that the absolute electrode potential of an electronic conductor
depends linearly on the work function [35]. Furthermore, it has been demonstrated
experimentally that the standard electrode potentials of pure metals correlate well with contact
potentials measured using a Kelvin probe [36]. On this basis, the metal-GNP contact potential
difference of 0.6 V and 1.2 V measured for iron and zinc, respectively, would be expected to
result in metal-GNP galvanic couples with similar galvanic cell potentials under standard

conditions. Under the particular conditions of our cathodic disbondment experiments cell

: : : | :
potentials may be estimated from the difference between the near-defect A‘I’Sgg;g ° values in

Figs 5a and 7a (-0.76 V for iron and -1.15 V for zinc) and the A‘Psgg;gle values at high ®cne in

Fig 3. (0.1 V onironand 0.3 V on zinc). This gives a corroding metal-intact GNP cell potential
of approx. -0.86 V in the case of iron and -1.45 V in the case of zinc. Thus on zinc the driving
force for making the GNP pigment an oxygen cathode is relatively large and displacement of
cathodic activity into the coating is likely, albeit over a short range due to the low electrical

conductivity of the PVB-GNP composite (1.48 x 10° S m™) [34]. Conversely, in the case of



iron the driving force is smaller and the GNP pigment is more likely to act simply as an

electrochemically inert filler.

If the GNP pigment does, as seems likely, act as an effective oxygen cathode on zinc
then the result would be to actually increase corrosion rates, even if the displacement of oxygen
reduction (and production of aggressive OH" ions and free radical oxygen species) away from
the coating-metal interface reduces the measured rate of coating delamination. Under these
circumstance, the anodic dissolution of zinc which occurs in the alkaline environment existing
beneath the delaminated coating [17,37,38] is likely to be accelerated with a consequent
increase in the formation and gelatinous, partially hydrolysed zincate solutions. Na* mobility
in the thin electrolyte layer that forms beneath the delaminating coating is therefore likely to
be low (compared to the case on iron, which is passive under alkaline conditions). Thus, in
addition to increasing the quantity of cathodic charge (and hence the number of migrated Na*
cations) required to produce unit area of coating delamination on zinc, the presence of GNP
pigment could act indirectly to reduce underfilm Na* mobility and so further reduce the value

of the parabolic rate constant (kge) for cathodic disbondment on zinc.

4. Conclusions

Graphene Nanoplatelets (GNP) are shown to reduce the measured rate of corrosion-driven
organic coating cathodic delamination on both iron and zinc (hot dip galvanised steel) surfaces
by up to 93.5% and 99.6% respectively. From the collective findings, presented in Part | and
Part 1l of this paper, we conclude that the principle inhibiting mechanism for cathodic
disbondment imparted by GNP differs for the two substrates of interest where:
1. For iron surfaces, vertical diffusion of oxygen through the coating appears to be the
rate-limiting process. This is demonstrated by a change from parabolic to linear

delamination rate kinetics where the presence of GNP in the coating increases the



tortuosity of molecular pathways for oxygen diffusion. Oxygen permeation data
supports this theory and a direct correlation is demonstrated between corrosion-driven
delamination rate and the diffusion of oxygen through the coating.

2. For zinc (hot dip galvanised steel, HDG) substrates, the principal role of the GNP is
to increased quantity of cathodic charge (and therefore number of migrated Na* cations)
required to produce unit area of coating delamination. The large contact potential (~1.2
V) measured between the zinc surface and GNP particles represents a significant
thermodynamic driving force for the displacement of the cathodic reaction onto GNP.
Delamination rates are found to be inhibited to a greater extent at lower pigment volume
fractions (¢) when compared with the same coatings applied to iron substrates even
through the delamination kinetics remain parabolic (limited by underfilm Na*

migration).

Whatever the exact nature of the influence on cathodic disbondment, the contact
potential difference which exists between zinc (and to a less extent iron) and the in-coating
GNP pigment is predicted to create a second oxygen reduction site which can compete with
and augment the cathodic reaction at the coating-metal interface. As such, this process would
be expected to actually increase the rate of metal dissolution at anodic sites despite the observed
reduction in cathodic delamination rates. Furthermore, although the GNP pigment additions
can slow rates of cathodic delamination on both iron and zinc they do not do so to a
technologically useful extent. Taken together, these findings suggest that (although
scientifically interesting) the Oz diffusion blocking and galvanic effects produced by GNP
coating pigmentation are not such as to make GNP useful in corrosion protection when used

alone.
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7. List of Figures

Fig. 1 Schematic showing three scenarios of cathodic delamination where: a) For uninhibited
coatings, cathodic O reduction occurs at the coating/substrate interface b) in-coating GNP
pigments may d isplace O reduction away from coating/substrate interface c) in-coating GNP
pigment may increase the tortuosity of O diffusion pathway.
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Fig. 2 Schematic representation of the corrosion-driven delamination cell showing
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correspondence with various regions of the time-dependent A‘Psgg;g ® profile.
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Fig. 3 A plot of the average time independent ATS;‘{,”,S ® values measured for the intact region

for each of the PVB and PVB-GNP coated samples against respective ¢ene for both iron and
zinc (HDG) substrates.
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Fig. 4 A plot of the A‘I’ng ® profile vs. scan distance measured across a HDG substrate coated

with a PVB layer and subsequently overcoated with the PVB-GNP composite at 0.056 dene
with an overlaid schematic representative of the sample used in the experiment.
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Fig. 5 Plots of time-dependent A‘Psgcrﬂgle vs. distance from the defect (x) profiles recorded for

PVB coatings adherent to iron substrates where a) is the unpigmented coating given at 3 hourly
intervals and b) containing 0.056 dene, Shown at 4 hourly intervals, up to 24 h in both cases.
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Fig. 6 Plots of delamination distance (Xqel) as a function of time (t - tij) for PVB coatings
Containing: I) 0 ¢GNP, II) 0.028 ¢GNP, III) 0.056 d)GNP, IV) 0.079 d)GNP, V) 0.1 d)GNP and 0.124 d)GNP
on iron substrates where delamination was initiated by the introduction of 0.86 M aqueous
NaCl electrolyte at pH 7.
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Fig. 7 Plots of time-dependent A‘Psgcr,?gle vs. distance from the defect (x) profiles recorded for
PVB coatings adherent to HDG substrates where a) is the unpigmented coating given at 3
hourly intervals and b) containing 0.028 ¢ene, sShown at 4 hourly intervals, up to 24 h in both
cases.






Fig. 8 Plots of delamination distance (Xger) as a function of time (tgel - ti) for PVB coatings
containing: i) O dene, 11) 0.007 dene, 1ii) 0.014 done, 1v) 0.028 done, V) 0.056 dene 0N HDG
substrates where delamination was initiated by the introduction of 0.86 M aqueous NaCl
electrolyte at pH 7.
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Fig. 9 Plots of the normalised values for (i) k¢er Of zinc (HDG), (ii) the delamination rates for
iron and (iii) Oxygen Permeability as a function of ¢one.
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