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The role of smart-release corrosion inhibitive pigments in preventing cathodic delamination of organically coated hot-dip
galvanized steel (HDG) is investigated. The pigments consisted of hydrotalcite (HT) exchanged with a range of inorganic and
organic anionic species and were dispersed in a model PVB coating. A scanning Kelvin probe (SKP) technique was used to
determine cathodic delamination rates, and the inhibition efficiencies obtained for inorganic ions increased in the order CO3%~ <
Mo0,2~ < NO;~ < VO,3~ < WO,%~ < PO,3~ < CrO42~. The inhibition efficiencies for organic-based pigments increased in the
order triazole <phenylphosphonate <trans-cinnamate <benzoate <salicylate <benzotriazole. The inhibition efficiency afforded by
the best performing organic inhibitor, benzotriazole (BTA), rivalled that of HT containing stored chromate anions. Findings are
consistent with HT-BTA acting to sequester anions from the underfilm electrolyte, releasing BTA™ which subsequently strongly
adsorbs on the underfilm metal surface but can also form an insoluble Zn-BTA precipitate at the coating-defect boundary.
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Organic multilayer-coated HDG is highly technologically im-
portant in the construction and automotive industries. However,
when a coating defect completely penetrates the organic coating
system, then electrolyte can reach the metal substrate resulting in
coating failure. One such coating failure mechanism is corrosion-
driven cathodic disbondment, which occurs on iron, steel,l’7 and
hot-dip galvanized steel®™'® substrates. This corrosion phenomenon
is characterized by the ingress of a thin electrolyte layer beneath the
delaminated coating, which couples anodic metal dissolution at a
penetrative defect to cathodic oxygen reduction occurring at the
coating disbondment site.>!171% An elevated alkaline environment at
the principal cathode site causes coating de-adhesion and disbond-
ment by the dissolution of oxide layers and hydrolysis of interfacial
bonds.*''~'® The rate of organic coating failure can be significantly
reduced by adding corrosion inhibitive pigments dispersed within an
organic coating system’s primer and pretreatment layers. The primer
layer commonly contains a dispersion of corrosion inhibitors that
can provide active corrosion protection in the case of penetrative
coating defects.

The most effective and widely used corrosion inhibitors known to
date are those based upon hexavalent chromate, e.g. strontium
chromate (SrCrO,).!” However, hexavalent chromium is toxic,'®
carcinogenic'® and prohibited under the Registration, Evaluation,
Authorization and Restriction of Chemicals (REACH) directive.”
This is particularly problematic when considering the sparingly
soluble nature of such inhibitors, which means that they can dissolve
in water and slowly leach out of the coating over time, limiting
corrosion resistance and potentially leading to long-term environ-
mental effects. It is therefore of great importance to develop
environmentally friendly, Earth-abundant, and effective corrosion
inhibitor pigments to replace those based on hexavalent chromate
salts.

Current chrome-free corrosion inhibitor systems are based upon
sparingly soluble phosphate such as calcium phosphate, zinc
phospate and polyphospat«es.ﬂ’23 Various studies have assessed
the efficacy of phosphate as a corrosion inhibitor and shown that
phosphate primarily offers anodic inhibition via a reaction with
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anodicly evoleved metal cations to form a protective insoluble
precipitate.”*° However, phosphate has been identified as a critical
raw materials in the European unions 2020 report; meaning that due
to phosphates high demand in many key sectors phosghates are of
high economic importance and high supply chain risk.*'

A promising new technology designed to prevent the drawbacks
of sparingly soluble salts, which utilizes encapsulated inhibitors
species and may rival hexavalent chromate in corrosion protection,
is based on “smart-release” corrosion inhibitor pigments.*>~® Smart
release inhibitors are characterized by their ability to release
corrosion inhibitors under certain conditions, for example, a change
in pH, electrochemical potential, or interaction with ionic species. In
this latter case, smart release systems allow for active inhibition
whereby species are only released when required upon exposure to
an aqueous environment of sufficient ionic strength. Under such
conditions, ion exchange will occur, releasing the corrosion inhibitor
and sequestering corrosion stimulating ions.*” One example of a
smart release vehicle 1is hydrotalcite, a layered double
hydroxide,****! which has been shown to act as an effective
release medium for both the protection of aluminium®***™* and
steel  surfaces.**™®  HT  has the general formula
MgeAl,CO3(OH)6-4(H,O) and is formed of positively charged
layers of magnesium and aluminium. However, these cations can
be substituted for other M>™ or M** metal ions, respectively. These
positively charged layers are balanced by layers of weakly bound
anions, typically carbonate.*>® The weakly bound anions can
undergo ion exchange, allowing hydrotalcite to become a promising
smart-release delivery system (see Fig. 1.>!

HT pigments exchanged with various inorganic or organic
inhibitors species have been shown to effectively inhibit filiform
corrosion (FFC) on AA2024 aluminium alloy surfaces. ™ As-
received HT containing exchangeable carbonate anions was shown
to slow FFC propagation primarily by progressively removin%
aggressive chloride ions from the underfilm electrolyte.*
However, HT pigment performance was significantly improved by
replacing carbonate with highly efficient inhibitors, e.g. chromate.**
A search of the literature reveals few studies on the effect of HT-
based smart-release inhibitors on the rates of cathodic disbondment
on HDG substrates. The literature on HT and other LDH has
highlighted that the effectiveness of the smart release pigment is
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Figure 1. Schematic representation of hydrotalcite based smart release inhibitor preparation.

mainly dependent on the nature of the intercalated corrosion
inhibitor.”**»3*7>

Having discussed the nature of the smart release vehicle used
throughout this study, Hydrotalcite, the section below focuses on the
various intercalated corrosion inhibitors. Many of the inhibitor ions
selected for this study (CO32~, NO3~, WO,2~, MoO, 2", PO43~) have
long been recognized as anodic corrosion inhibitors due to their
ability to increases anodic polarisation by producing passivating
films of sparingly soluble salts on the substrate surface. The films
result from the reaction between metal ions produced from the
anodic dissolution reaction and the inhibitor. Additionally, anodic
inhibitors, as in the case of nitrate, molybdate and chromate, may act
as oxidizing agents. Conversely, some of the inhibitor ions chosen

for this study are cathodic or mixed corrosion inhibitors (CrO42~

trans-cinnamate, benzoate, salicylate, benzotriazole). Cathodic in-
hibitors form insulating films, either by adsorption or by reacting
with cathodically evolved hydroxide ions to form insoluble pre-
cipitates, which prevent electron transfer from the metal substrate at
the cathode site. An alternate approach of cathodic inhibition
suggested by Stratmann et al. involves removing free radical
intermediates of the cathodic reaction using free radical scavengers
(trans-cinnamate, benzoate, salicylate).” By doing so, cathodic
inhibitors cause a negative shift in both E_; and I..,. A drawback
of this study is that only anionic inhibitor species can be intercalated
into HT and investigated. This excludes those cathodic inhibitors
based on metal cations (e.g. Cr° ") that provide inhibition by reacting
with cathodically evolved hydroxide ions to form insoluble pre-
cipitates from this study.
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Many of the inorganic ions selected have previously been
successfully intercalated into hydrotalcite or LDHs and used as
smart release inhibitor pigments on various substrates and various
coating failure mechanisms. For example, HT- exchanged with
decavanadate was using by Buchheit et al. in the pioneering work on
HT as smart release inhibitors.*! Furthermore, LDH exchanged with
MoO,*~ was previously used in a study conducted by Ogle et al.”® in
which the release kinetics of LDH’s dispersed within organic
coatings was systematically investigated. However, it is uncertain
whether these inhibitor pigments will provide adequate corrosion
protection against cathodic disbondment from HDG.

Finally, inhibitors were chosen that are known to perform
effectively on HDG surfaces, namely benzotriazole (BTA), phos-
phate (PO,437)°*57 and chromate (CrO427),'"® to evaluate their
efficiency when stored within a smart-release HT pigment system.

The specific objective of this study is to assess the ability of a
range of inorganic and organic anion exchanged-hydrotalcite sys-
tems to inhibit corrosion-driven cathodic disbondment of a model
polyvinyl butyral (PVB) coating from HDG surfaces, where rates of
cathodic disbondment were determined in situ using a scanning
Kelvin probe (SKP). A further aim was to identify the most effective
in-coating inorganic and organic anions and clarify the modes(s) by
which inhibition of underfilm corrosion was achieved.

Materials and Methods

Materials.—Hot Dip Galvanised Steel (HDG) samples were
provided by Tata steel UK and consisted of a 0.7 mm gauge mild
steel substrate with a 20 pm zinc (containing approximately 0.15 wt
% aluminium) layer. All chemicals, including hydrotalcite powder
(MgeAl,(OH),,C0O5-4H,0), and Polyvinyl butyral-co-vinyl alcohol-
co-vinyl acetate (PVB), molecular weight 70,000-100,000, were
obtained from Sigma Aldrich Chemical Co. and were analytical
grade purity.

Methods.— Preparation of hydrotalcite (HT)-based smart re-
lease inhibitors.—HT was used as an ion-exchange delivery device
for the smart-release of various inhibitor anions. 10 g of HT was
calcined at 450 °C for 3 h to remove the intercalated CO52~ and
associated H,0.>"*%® The calcined HT was then dispersed in
0.5dm™ of a 0.5mol.dm™ aqueous solution of the relevant
inhibitor anion, whereupon the HT re-hydrates and intercalates the
target anions within its layers. This process is illustrated in Fig. 1.
Due to the limited solubility of some of the anions involved, the
concentration of the solution was reduced, or a water-ethanol
mixture was used as the solvent. The aqueous solution was prepared
by boiling deionized water (DI) and then purging with nitrogen gas
to remove any dissolved carbonate ions. The relevant inhibitor
species (salts where possible) were then added to the treated DI. The
solution pH was modified to the value of the inhibitor pK, (by the
dropwise addition of 2 mol.dm™ NaOH solution) to ensure dis-
sociation. The solution was stirred overnight to ensure maximum
exchange. Once exchanged, the solution was centrifuged to separate
the solid-smart-release-inhibitor pigment from the remaining solu-
tion. The excess solution was then poured away, and the smart
release inhibitor pigment was washed by vigorously mixing with DI
water. The solid-smart-release-inhibitor pigment was again sepa-
rated using the centrifuge, and the excess water was removed. The
previous washing steps were repeated 3 times to ensure the removal
of any excess inhibitor or counterions. The washed pigment was then
dried and milled for 1h using a Retsch planetary ball mill at
350 rpm. The resultant powder was passed through a series of sieves
to isolate a particle size of <20 pm to produce a fine pigment.*?

Corrosion driven cathodic disbondment measurements.—The
oxide was removed from the HDG surface using a 5 yum polishing
alumina slurry. The HDG was washed with distilled water and
ethanol to remove any contaminants, followed by drying with a
hairdryer. HT smart release inhibitor pigments were added to the

model 15.5% w/w PVB coatings according to Eq. 1 where PVF is
pigment volume fraction, Mpyg and p pyp are the mass and density
(0.8 gcm™") of PVB, respectively, and M, and p | are the mass and
density of the HT pigment (in g cm™").

(1]

-1
PVF = (1 + Mpvep "’)

Mpi-ppyp

The progress of cathodic delamination was monitored using a
scanning Kelvin probe (SKP). Stratmann cells were prepared
following a well-established methodology.' Two parallel strips
of electrical tape were applied to the metal substrate, leaving a 2 cm
X 5 cm area exposed. A 1.5 cm x 5 cm length of scotch™ tape was
securely attached perpendicular to one exposed side. PVB was bar
coated over the exposed HDG area and air-dried. The dry coating
thickness, as determined by a micrometre screw gauge, was 30 ym.
The scotch tape was cut and lifted to reveal a 2 cm X 1.5 cm model
defect, around which noncorrosive silicone rubber was applied to
form a convenient well, or reservoir. Delamination was initiated by
adding 1-2 ml of electrolyte to the model defect. For the purpose of
providing a highly aggressive accelerated test conditions the
electrolyte used was 0.86 mol.dm > NaCl,q at pH 7. All delamina-
tion experiments were carried out at 20 °C and a constant relative
humidity of 96% (maintained via an isopiestic equilibrium with a
0.86 mol.dm* NaCl,,, solution contained within the environmental
chamber).

The SKP technique is the main non-perturbing procedure used to
map the electrochemical activity of local corrosion sites beneath
intact organic coatings and thin electrolyte layers. The design,
operation and calibration of the SKP are discussed exhaustively
elsewhere.'>'” Briefly, the potential measured by the Kelvin probe
is calibrated to standard electrode potentials by measuring a series of
known redox couples (e.g. Ag/Ag™, Cu/Cu*t, Fe/Fe?* and Zn/Zn>")
and verified against the potentials measured by a potentiostat
(Solartron 1280). SKP experiments were carried out within an
enclosed environmental chamber, excluding electrostatic and elec-
tromagnetic noise while maintaining a controlled environment with
constant gas composition and relative humidity. The Kelvin probe
consisted of a 125 pm diameter 99.99% gold wire and acted as a
reference probe relative to the sample under investigation. The SKP
reference probe was scanned at a distance of 100 pm over the sample
surface along a 12 mm line normal to and adjacent with the defect
coating boundary. Scans were conducted immediately after adding
the electrolyte to the artificial model defect and at 1 hr intervals
thereafter. Twenty E.., data points were recorded per mm. Probe
vibration was achieved by connecting the probe to an audio speaker
via a glass rod. The probes oscillation frequency was maintained at
280 Hz using a lock-in amplifier and a vibrating drive amplifier, and
peak-to-peak amplitude was confirmed as 40 pym by using a strobe
light and a travelling microscope.

Electrochemical measurements.—The electrochemical experi-
ments were performed using a Gamry Interface 1010 potentiostat
in conjunction with a 3-electrode arrangement comprising a satu-
rated calomel reference electrode (SCE) and a Pt foil counter
electrode. The working electrode consisted of a 0.95 cm? circular
exposed area of HDG. All experiments were carried out in
0.86 mol.dm * NaCly,, solutions to provide comparable conditions
to those used for the SKP experiments. Before starting the
potentiodynamic polarisation experiments the samples were im-
mersed in the electrolyte and left at open cuircuit potential for five
minutes to allow the samples to equilibriate and for the potential to
stabilize. For the potentiodynamic polarisation experiments, seperate
samples were polarised 0.3 V vs SHE away from the open circuit
potential, positively in the case of the anodic branch or negatively in
the case of the cathodic branch. A scan rate of 0.1667 mV s~ " was
used for all experiments. Each experiment was repeated three repeats
three times to ensure reproducibility of the results.
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Scanning electron microscopy and energy dispersive spectro-
scopy.—Images were obtained using a Hitachi S-4800 Field
Emission Gun Scanning Electron Microscope (FEG SEM) with
Oxford instruments Silicon Drift X-Max EDS Detector and Inca
EDS software. For all SEM imaging an operating voltage and
current of 15 kV and 20 pA was used respectively. Prior to imaging,
HDG coupons were covered in PTFE with 1 cm?® or bare metal
exposed and immersed in the relevant electrolyte for one week.

Results and Discussion

A preliminary delamination experiment was carried out using
unpigmented PVB on an HDG substrate to establish baseline
kinetics. The distinctive E.,, vs delamination plots obtained can
be seen in Fig. 2.

After the sample reached an equilibrium in humid air (96%
relative humidity), a relatively high and constant E,,, of ca. —0.4V
vs standard hydrogen electrode (SHE) was observed over the intact
coating (Ej,uct), Which is comparable to the value recorded for
uncoated HDG samples under the same conditions.'”® The Ejpeact
represents the open circuit potential of a substrate, in this case, zinc,
when coated with an adherent, nonconducting polymer before the
ingress of the bulk electrolyte. The E;,.. for a nonconducting
polymer/metal interface is the result of the electrochemical situation,
which is determined by reactions 2 and 3 where the rate of the
oxygen reduction reaction (ORR) is high due to rapid oxygen
diffusion through the highly oxygen-permeable polymer and a slow

anodic dissolution reaction due to lack of bulk electrolyte.®!>6%6!

The intact potential will be shifted to more positive values if the rate
of the anodic dissolution reaction (3) is slowed. This can be caused
by a dense oxide scale, a surface treatment or by active pigmentation
of the polymer.®!

0, + 2H,0 + 4¢~ — 40H- 2]

Zngy — Zn**t + 2e” [3]
Initiation of delamination of the unpigmented model coating was
observed an hour after adding the electrolyte (0.86 mol.dm >
NaCly,q)) to the bare metal defect adjacent to the PVB coated region.
Figure 2 shows a schematic representation of the cathodic disbond-
ment cell, along with the corresponding distinctive time-dependent
Ecorr Vs delamination distance (Xge) profiles obtained at hourly
intervals by in situ SKP analysis."”

A sharp potential drop from the intact potential —0.4 V to ca.
—0.7 V vs SHE characterizes the location of the delamination front.
The potential drop has been attributed to the balance between a
faster rate of ORR (2) relative to zinc dissolution (3). The potential
difference between the E;,.. and the defect regions establishes a
galvanic cell where a local cathode forms at the delamination front
and the local anode at the defect. A progressive negative shift in the
Ecorr Of the defect/coating boundary directly adjacent to the
delamination zone is typically observed over time. This negative

E.,. vs SHE (V)

Uninhibited model PVB coating

-0.9 r r ‘ .
0 2000 4000 6000 8000 10000
Delamination (um)
Model
defect 0,
Electrolyte . .
; » <
Na®. Cl-. Zn** Na*® OH-
Zn  ZIn* e 40H 0, +H,0

Figure 2. (above) Plots of the time-dependent E,, vs delamination distance profiles recorded for PVB on HDG steel substrates shown at hour intervals,
commencing at 1 h post initiation* and ending after 9 h. Delamination was initiated with 0.86 M NaCl. (below) Corresponding schematic representation of the

corrosion driven cathodic disbondment cell.
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Figure 3. Plots of the time-dependent E,, vs delamination distance profiles
recorded for PVB containing 0.1 PVF (a) HT — CO32~ (b) HT — Mo0Q,?~
(c) HT-PO43~ (d) HT — CrO42~ on HDG steel. Delamination was initiated
(t;) with 0.86 M NaCl.

potential shift to the final potential typical of a free corroding zinc
electrode in chloride containing electrolyte is thought to result from

the dissolution of anodically inhibitive protective hydroxide and
oxide layers.*® Anodic dissolution (3) occurs at the penetrative
coating defect, where bare zinc is exposed. The raised underfilm
alkalinity caused by reaction 2 results in the dissolution of
amphoteric zinc oxide at the substrate-coating boundary leading to
coating de-adhesion.®> The dissolution of zinc oxide and zinc
hydroxide surface layers produce soluble aqueous bizincate
(HZnO, ") and zincate (ZnO, ") species according to reactions 4
and 5.

Zn(OH)3 (s) < HZnO; 4 + Hily (4]

Zn(OH), ) < Znozz(_aq) + 2[_I(‘Z‘I) (51

Furthermore, the elevated alkalinity can also activate the bare zinc
surface in the delaminated zone, allowing for direct oxidation to
bizincate (HZnO, ") as shown in reaction 6.9

Zn )+ 2H,0 < HZnOz_(aq) + 3H(j;q) + 2e” [6]

Between the areas of the delamination front and the model defect,
there is a smaller drop in the potential of ca 0.1 V vs SHE to a
potential of ca. —0.8 V vs SHE. This gradual potential drop has been
attributed to an ionic current passing through the thin layer of
underfilm aqueous electrolyte, which ingresses between the HDG
surface and the disbonded coating. This links the net underfilm
cathode at the disbondment front with the net anodic located at the
bare metal defect. Typically, the ionic current and delamination rate
are limited by the migrational mass transport of cations (e.g. Na™)
from the initiating electrolyte (in the model defect) to the delamina-
tion front. However, there are cases reported in the literature, such as
under the effect of a corrosion inhibitor, where interfacial electron
transfer associated with cathodic ORR becomes rate limiting and
produces a change in the cathodic disbondment kinetics.®*~%¢

Corrosion inhibitor pigments based on inorganic anion ex-
changed hydrotalcite.—A preliminary screening exercise was con-
ducted to determine the relative efficiency of the various inorganic
anion-exchanged pigments at a PVF of 0.1. Figure 3 shows a
selection of SKP-derived E.,,, versus distance profiles obtained for
various inorganic anion-bearing HT pigments, ranging from the least
to the most effective types. The E.o Vs Xger profiles obtained for a
HT — CO;3%~ and HT-MoO42~ pigments (Figs. 3a and 3b) are
similar to the unpigmented coating given previously in Fig. 2,
with little change observed in the values of E.,, in both the intact
(ca. —0.4V vs SHE) and defect adjacent (ca. —0.8 V vs SHE)
regions of the delamination cell. In addition, the extent of time-
dependent delamination (Xge;), as signified by the sharp drop in
Ecor» appears to be largely unaffected by the presence of the
pigments. The notable difference seems to be in the respective
steepness of the E., versus Xy plots gradients observed in the
vicinity of the delaminated region, which links the defect region (at
x = 0) to the disbondment front (region I). For an unpigmented
PVB coating, a dE,,/dXye gradient of ca. 1.5 x 107> V pm ™! is
observed at holding times of >4h, while the presence of the
HT — CO3%2~ and HT-MoO,?~ pigments causes the dE o./dXge
gradient to increase to a value of 2.8 x 107> and 4.0 x 107> V
pum™ ', respectively. The Ec,, of the delaminated region adjacent to
the model defect is significantly more positive at t = 0 in the case of
HT — CO;2~ containing PVB (ca. —0.6 V vs SHE) relative to the
unpigmented control (ca. —0.65V vs SHE). Furthermore, the
presence of both pigments delayed the onset of delamination by 1
and 2 h for HT — CO3%~ and HT-MoO,?~ respectively.

Unsurprisingly, E.o vs Xge profiles obtained for the addition of
0.1 PVF HT — PO,3~ showed some significant difference relative to
the unpigmented control. A positive shift in the potential of the intact
coating and a progressive, positive rise in the E., values (—0.8 V to



Journal of The Electrochemical Society, 2023 170 011502

14000
x) PV
12000 DEVB 4/ HL.CO
b) HT-MoO,*
~ 10000
=
S
= 8000 ¢) HI-NO,
£ 4 HL-VO,*
z
£ 6000
=~
3
= 4000 ,
) HT-WO,?
2000
g) HT-Cr0,2
0 <
0 5 10 15 20 25 30 35

(tge - )" (min'?)

Figure 4. Plots of delamination distance (Xge) as a function of (tde]—ti)“ 2 for
PVB films containing 0.1 PVF of HT exchanged with various inorganic
corrosion inhibitors.

Table 1. Values of parabolic rate constants (Kg4.), percentage rate
change at a PVF of 0.1 for inorganic inhibitors exchanged HT within
a PVB model coating.

Kgei (um min'’?) AKger (%)
PVB 544.12 + 15.24 0%
HT-CO;32~ 462.85 + 12.96 15%
HT-Mo0O,*~ 398.01 = 11.14 27%
HT-NO;~ 249.5 + 6.99 54%
HT-WO0,2- 197.31 £5.52 64%
HT-VO,3- 165.52 + 4.63 70%
HT-PO43- 08.83 +2.78 82%
HT — CrO,%~ 13.35 £ 0.37 97%

—0.74V vs SHE) within the delamination zone were observed.
Furthermore, HT — PO,43~ dispersed within the PVB coating caused
a 9 h delay in the onset of delamination.

The E.oy vs Xge plot obtained for additions of HT — CrO,%~
resemble those obtained for the unpigmented case, albeit concen-
trated closer to X4 = 0 and only progressing after a 15 h delay in
initiation time. The only other observable difference appears to be a
negative shift in the Eipe. Although, due to the low Xge the
delaminated zone was not resolved.

Having measured the E.., vs Xge profiles for each inhibitor
system and unpigmented PVB, the delamination rates can be
determined. This has been traditionally done using the sharp
potential drop from the intact potential to the delaminated region
as a semiempirical measure of the position of the delamination front.
Therefore, using the E..,; vs Xqe plots, the distance from which the
delamination front has moved (Xg4.;) can be determined for any time
(tge) after adding the initiating electrolyte (t;). It has previously been
shown that during cathodic disbondment, the rate-limiting migra-
tional mass transport of cations gives rise to parabolic delamination
kinetics and is characterized by Eq. 7. Under these conditions X is
related to tye by the following expression, where Ky is the
delamination rate constant.®

Xaet = Koot (tger — 1) [7]

Therefore, by plotting time-dependent X, values as a function of
(tger-t)"? for each smart release inhibitor pigment as well as those
obtained 0.1 PVF of HT intercalated with nitrate, ortho-vanadate,

tungstate and unpigmented PVB, the Ky can be plotted and used as
a measure of the efficiency of each inhibitor (in Fig. 4). The primary
source of error when determining Ky is the semiempirical measure
of the position of the delamination front. Therefore, Ky errors were
measure from multiple repeats of the control experiment, the
cathodic disbondment of PVB from HDG. From the resulting E o,
vs Xg4e profile, the time-dependent X4, values were plotted as a
function of (tg -t;)"? and the Ky obtained by linear regression. The
errors are plus or minus one standard deviation on the mean of the
multiple control experiments. Under the conditions employed here,
the efficiency of the inhibitive anion type increases in the order
CO32~ < M00,4%~ < NO5~ < VO,3~ < WO,%~ < PO,3~ < CrO42~.
Values of K.}, measured from the slopes of the plots given in Fig. 4,
are summarised in Table I, along with percentage changes of Kge
relative to the unpigmented PVB control coating.

The lowest K4.; were measured were for the model PVB coating
contained 0.1 PVF of HT — CrO,2~ and HT — PO,3-, 13.35 + 0.37
and 98.83 + 2.78 pm min'’? respectively, which is a 97% and 82%
reduction relative to the control coating (544.12 + 15.24 pm min'’?).

As previously stated, the rate-limiting step for cathodic disbond-
ment is typically the migrational mass transport of cations, giving
rise to parabolic delamination kinetics and characterized by Eq. 7.
For all smart release inhibitor pigment dispersed coatings tested and
the unpigmented PVB control, parabolic delamination kinetics
appear to be observed (which give rise to a linear relationship when
X4ger 18 plotted as a function of (tger-t)"? ). However, the delamina-
tion kinetics must be interpreted cautiously when the delamination
distance is small and has not reached completion. In such cases, the
initial rates may not be representative, and deviation to higher-order
kinetics may become apparent with additional data points. The initial
rate of coating delamination is used for comparison purposes.

For both HT — CO3%~ and HT-MoO,>" there was little change in
the potential values obtained relative to the unpigmented PVB
control (Fig. 2). However, there was a change in the gradient of the
dE..,/dXge slopes, which joined the cathodic delamination front to
the anodic defect. Stratmann et al. attributed this potential gradient to
the ohmic potential drop caused by the ionic current of cations
migrating from the local anode within the model defect to the
cathodic delamination front.*> An increased dEqn/dXge gradient
within the underfilm delaminated region has previously been
interpreted in the literature as an increase in the resistance of the
underfilm electrolyte.”¢”*® Let us now consider the inhibition of
HT-MoO,>. Unexchanged MoO,2~ is well known for being an
effective corrosion inhibitor, forming Mo-rich protective layers on
HDG, although not in high alkaline pH such as those encountered at
the cathode front.™>*"~"! These findings may account for the increase
dE../dXg4e gradient and the delay in delamination initiation. This
pH dependence may have contributed to the ineffective inhibition
under the conditions employed here with HT-MoO,42~ producing a
27% reduction in rate relative to the unpigmented PVB control. This
finding, while preliminary, implies the importance of effective
inhibition of corrosion within the area of the delamination front.

In the case of HT — CO32~ (see Fig. 3a), a small increase in the
E.ore Of the underfilm electrolyte was observed. According to mixed
potential theory, this slight positive shift in the presence of
HT — CO;2~ is consistent with a net anodic inhibition. This and
the previous finding is consistent with the literature; It has previously
been shown that carbonate (CO327) ions can provide modest
corrosion inhibition of HDG substrates by the formation sparing
soluble zinc carbonate layer (Ks, = 1.5 x 10719).72 The inability of
HT — CO;?~ to significantly inhibit cathodic delamination appears
at odds with previously published results, where it was shown to act
effectively in slowing rates of FFC on aluminium surfaces.*>™* In
these previous studies, the corrosion inhibition was attributed to the
ability of the HT to sequester chloride ions from the electrolyte
within the filament head and with the associated release of carbonate
ions further moderating the underfilm pH.*>** In the case of cathodic
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disbondment, during which chloride is excluded from the underfilm
electrolyte, the ion exchange process will involve sequestering
underfilm OH™, produced by reaction (4), the presence of which
ultimately causes coating disbondment. These seemingly contra-
dictory results show that the removal of OH™ by HT in the quantities
measured here has a negligible effect on the rate of disbondment.
Whatever the inhibitory effect HT — CO3%~ offers, it would
seem insufficient in and of itself to induce any significant influence
on the extent of delamination. For HT — CO3%~ only a slight 16%
reduction in the rate of cathodic disbondment was measured relative
to an unpigmented PVB coating. The results obtained here have
implications for understanding the baseline rates of inhibition of as
received of HT (HT — CO3%~) and demonstrate that the as-received
pigment does little to reduce the rates of cathodic disbondment.
Unsurprisingly, the addition of 0.1 PVF HT — PO,3~ resulted in
some notable changes in the E., vs delamination distance profiles
(see Fig. 3c). The effectiveness and mechanism of PO,3~ based
corrosion inhibitors are well known and discussed elsewhere.”*”> In
this study, HT — PO,3~ significantly slowed the disbondment rate
by 82% reduction relative to unpigmented PVB. Surprisingly the
presence of HT — PO,3~ caused a ca. 0.15 V vs SHE negative shift
in Ej. of the PVB coated HDG surface compared to the
unpigmented case. The negative shift in the Ej,.. in the presence
of the inhibitor is consistent with net cathodic inhibition. However, it
must be noted as there is an absence of an aqueous electrolyte, non-
faradic electrostatic contributions could influence the shift if

76-78
Eimact-

Also, a progressive rise in E.q; (—0.8 V to —0.74V vs SHE)
within the underfilm delaminated zone was observed. Previously,
such observed changes in E., have been ascribed to the adsorption
of inhibitive anions onto the oxide covered metal surface present at
the metal-polymer interface.*>** This result is consistent with many
studies, which states that PO,3~ primarily offers anodic inhibition
via gl;e forrsnationlg_)f 2asn 2iélsoluble Zn3(POy4)y(s) precipitate (Kg, = 9 x
10777 mol”> dm™ 7).

Finally, CrO,%~ released from HT was shown to be highly
efficient at slowing rates of cathodic disbondment. In the presence of
HT — CrO4%~ pigment (Fig. 5d), the rate of coating disbondment
within 30 h of the initiation of corrosion was negligible, with a 97%
reduction relative to unpigmented PVB coating, which was in line
with previous observations.'” One unanticipated finding was that
HT-CrO,%~ achieved a superior level of inhibition than Cr(VI) with
a significantly lower qyuantity of inhibitor added to the coating under
the same conditions.!”*?

The significant implication of these findings is that HT is working
effectively as a delivery mechanism under the conditions employed
here and, when combined with a suitable intercalated species, an
inhibitor of corrosion driven cathodic disbondment. Furthermore,
that the smart release inhibitor pigments effectiveness is highly
dependent on the intercalated inhibitor.

From Fig. 4, it is apparent that the nature of the anion strongly
influences the delamination rate. The finding is supported by the
result obtained in the case of as-received and unexchanged HT
(comprising of exchangeable carbonate anions), for which only a
marginal reduction in coating failure rate compared with unpig-
mented PVB was observed. Under the conditions employed here, the
efficiency of the inhibitive anion type increases in the order CO32~
< MOO42_ < NO;~ < VO43_ < W042_ < P043_ < CI'O42_.
Parabolic kinetics would suggest that even under circumstances
where the in-coating inhibitor appears to work highly effectively (e.
g. Figure 4, PO,3~ and CrO,?~ respectively), cation migration seems
to persist as the rate-limiting step.

A closer investigation of the performance of HT — CO;%",
HT-MoO,?~, Ht-PO,2~, and HT — CrO,*>~ was carried out by
systematically varying the PVF within the model PVB coating.
The resulting Kg4e; were extracted and plotted in Figs. 5a—5d, which

all show a systematically increasing the PVF produces a progressive
decrease in delamination rate. Parabolic kinetics persist for all
pigments and for all PVF tested. HT-CrO,>~ at the highest PVF
tested, 0.2 PVF, delivers no detectable delamination over a 24 hr
period, although only a small benefit is observed when increasing the
PVF from 0.1 to the maximum value of 0.2 employed in this study.

The underlying mechanism of CrO42~ inhibition is discussed in
detail elsewhere.'” Briefly, it was proposed that the significant factor
in decreasing delamination involved the replacement of under-film
0, reduction (via Eq. 2) by a self-limiting CrO,42~ reduction process,
represented by reaction (8).

Cr042‘(,,q) + 5H20(1) + 3¢ = CI'(OH)3(S) + SOH(_aq) [8]

Hydrolysis of Cr(IIl) at elevated pH produces a solid hydroxide,
which rapidly blocks off further cathodic activity on the original
underfilm site of ORR (K, Cr(OH); = 5.8 x 10~ "> mol* dm©).”

However, the current study found that a superior level of
inhibition of cathodic disbondment from HDG was observed in the
presence of 0.1 PVF HT — CrO,? relative to 0.049 PVF of SrCrO,
with a significantly lower quantity Cr(IV) ions added to the
coating.>* The use of HT as a smart release delivery device could
be a factor in the improved efficiency. There are several significant
differences between the modes by which smart release based
HT — CrO42~ and sparingly soluble based SrCrO, could inhibit
corrosion. The differences in these modes of corrosion inhibition are
indicative of the smart release delivery device. For example,
HT — CrO,42~ can release CrO,2~ ions directly into the area of the
local cathode at the delamination front via ion exchange with OH™
ions. In contrast, previous studies have shown that sparingly soluble
based Cr(IV) ions are electrostatically excluded from this regicm.2
Another significant difference in the modes of inhibition mentioned
in a prior study is the importance of fast inhibitor release kinetics on
the inhibition of cathodic disbondment.*® It is plausible the release
kinetic of HT — CrO42~ is more rapid than those based on sparing
soluble salts under the conditions studied here (high pH and a small
volume of electrolyte) 3983

Corrosion inhibitor pigments based on organic-anion-ex-
changed HT.—Of the inorganic inhibitors investigated, only chro-
mate and phosphate ions provided a significant slowing in cathodic
disbondment. Both chromate and phosphate ions form the basis of
the current state-of-the-art anti-corrosion pigment technology based
on sparingly soluble salts. Therefore, the findings of the previous
section serve only to provide additional support regarding why such
technologies are in everyday use. Thus, to identify novel, envir-
onmentally friendly and effective alternatives, an investigation of
corrosion inhibitive pigments based on HT exchanged with various
organic inhibitors was undertaken. The same rationale for inhibitor
selection was employed from the previous section. Briefly, the
organic inhibitors must be anionic in nature, be known or anticipated
to provide corrosion inhibition or previously have been intercalated
into HT or another layered double hydroxide. The organic inhibitors
intercalated into HT in this study were triazole (HT-TZ™), trancin-
namate (HT-TC™), phenylphosphonate (HT-PPH™), benzoate
(HT-BZ™), salicylate (HT-SAL™) and benzotriazole (HT-BTA™).
The smart release inhibitors effectiveness and efficiency at reducing
rates of cathodic disbondment of a PVB model coating containing a
0.1 PVF inhibitor loading were evaluated using in situ SKP analysis.
The E o Vs Xgel profiles obtained for each smart release pigment is
presented in Figs. 6a—6f.

The E.o Vs Xge profiles obtained for HT- organic-based
pigments showed significant differences relative to unpigmented
PVB. An increase in Ej,., relative to an unpigmented control
coating was observed for coatings containing 0.1 PVF of HT-PPH ™,
HT-SAL™, HT-BTA™ and HT-BZ™. The most significant rise in
Einaer Was observed for HT-PPH™ and HT-SAL™ which showed a
ca. 0.2V and a 0.15V vs SHE positive shift relative to the
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Figure 5. Plots of delamination distance (Xg4e) as a function of (tdel—ti)llz for PVB films containing various PVF of (a) HT — CO32~ (b) HT-Mo0O,?~ (c)

Ht-PO,?~, and (d) HT — CrO42~.

unpigmented control and HT-BTA™ and HT-BZ™~ showing smaller
positive shifts of ca. 0.1 V and ca. 0.05 V vs SHE, respectively (see
Fig. 6).

The addition of HT-organic inhibitors also seems produce some
changes to the potentials measured within the underfilm delaminated
region. A time-dependent progressive-positive potential shift in the
underfilm delamination region was observed for HT-TC™, HT-BZ",
HT-SAL™ and HT- BTA™. This positive potential shift is most
pronounced for the phenolate based inhibitors and increases in the
order HT-SAL™ < HT-BZ™ < HT-TC™ with the most considerable
shift observed some ca. 0.2V vs SHE. For HT-TC™ a significant
decrease in E., at the defect-coating boundary (at Xge = 0) was
also observed.

In the case of HT-TZ™ containing coatings, a complete loss of
coating adhesion in the region behind the delamination front was
observed, causing the PVB/HT composite coating to lift away from
the substrate. This loss of coating adhesion caused the coating to
come into close proximity to the SKP probe, producing instrumental
artifacts which have been excluded for the sake of clarity.
Furthermore, a time-dependent progressive negative shift in the
Ecorr Within the delaminated region was observed.

In the cases of HT-TC™ and HT-PPH, the gradient of the
dE_./dX 4. slope observed between the cathodic front and model
defect are significantly steeper ca. 7.0 x 107> and 8.6 x 107° V
pm~' than in the unpigmented case ca. 1.5 x 107> V pum™.
Interestingly, the E.o; Vs Xge profiles obtained for the delamination
of PVB containing HT-SAL™ are dramatically different to the
unpigmented control. In the delaminated zone adjacent to the model
defect, the potential is more positive (ca. —0.7 V vs SHE) than the

unpigmented control (ca. —0.8 V vs SHE) and slowly increases over
time.

Using the E o vs Xge profiles for each smart release inhibitor
system studied in this section (Figs. 6a—6f) and unpigmented PVB
(Fig. 2), the K4e can be determined and used as a measure of the
efficiency of each inhibitor. This is achieved by measuring the time-
dependent progression of the delamination front, Xg., and plotting it
as a function of (tge-t;)"’%. Under the conditions employed here, the
efficiency of smart release inhibitors increases in the following
order: HT-TZ~ < HT-PPH™ < HT-TC™ < HT-BZ™ < HT-SAL™ <
HT-BTA™. Values of K., obtained from the gradients given in
Fig. 7, are summarised in Table II, along with values for the
percentage reduction in Kg. relative to an unpigmented PVB
coating. The greatest reduction in the K4, was observed for those
PVB coatings containing 0.1 PVF of HT-SAL™ and HT-BTA™ with
a Kgep of 62.352 + 1.75 and 12.46 +0.35 pm min'’? respectively or a
ca. 89% and 98% reduction relative to an unpigmented PVB coating.
Parabolic delamination kinetics appear to be observed (which give
rise to a linear relationship when Xy is plotted as a function of
(tger-t)? for all HT inhibitors studied except for HT-BZ™,
HT-SAL™ and HT-BTA™ which appears to deviate to a higher
order. This may be indicative of a change in the rate-limiting step of
cathodic disbondment from the typically migrational mass transport
of cations to the cathodic ORR.

Of the organic anion—based pigments evaluated, the addition of
HT-triazole resulted in the lowest inhibition efficiency, causing
complete coating disbondment within the 12 mm SKP scanned area
in less than 11h and therefore increases cathodic disbondment
relative to unpigmented PVB (Fig. 6a). Triazole is cited as a
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Figure 6. Plots of the time-dependent E,,,, vs delamination distance profiles recorded for PVB containing 0.1 PVF of (a) HT-TZ™ (b) HT-TC™ (c) HT-PPH ™ (d)
HT-BZ ™ (e) HT-SAL", and (f) HT-BTA™ on HDG steel. Delamination was initiated (t;) with 0.86 M NaCl.

corrosion inhibitor on aluminium,* copper®>%® and iron®’ substrates

typically under immersion conditions and is thought to offer
corrosion inhibition by forming a thin chemisorbed film on the metal
surface.®® In addition, it is also known to act as an anodic inhibitor,
reacting with metal ions to form a protective passivating layer.*®
However, no evidence of these modes of inhibition have been
observed under the specific conditions employed here, and the
presence of triazole appears to accelerate rather than inhibit cathodic
delamination from HDG.

0.1 PVF of phenyl phosphonate (PPH ™) exchanged HT dispersed
PVB coating reduced cathodic disbondment from HDG by ca. 38%.
The E.o vs Xger profiles (Fig. 6¢) show the dE..,/dXg. gradient
measured within the delaminated zone is significantly steeper, ca.
8.6 x 107>V um ™", than in the unpigmented case (ca. 1.5 x 107> V
pm™Y). Similar results were observed in the case of the delamination
0.1 PVF of HT-TC~, HT-CO32~ and HT-MoO,2~ dispersed PVB
coatings from HDG. Previous studies have suggested that an
increase in the steepness of this dE..,/dXy gradient may indicate
an increase in the resistance of the underfilm electrolyte. This result
is seemingly contrary to the previous work of Glover et al., who

conducted a series of experiments whereby phenyl phosphonic acid
(H,PP) was added directly to a PVB model coating and determined
resultant cathodic delamination rates as a function of H,PP content
using in situ SKP.**The acid liberated by the dissociation of H,PP
was shown to etch the HDG surface, liberating zinc ions and
buffering the underfilm pH and forming an insoluble film of zinc
monophenylphoshonate, blocking electron transfer and the underfilm
cathodic reduction reaction.®® However, when introduced in the form
of an HT-PPH™ pigment, the important acid etch step is not present,
and hence the observed reduction in Ky is significantly lower than
that of in-coating phenyl phosphonic acid directly added to PVB. In
the case of a PVB coating containing 0.1 PVF HT-PPH™ the most
significant increase in Ej,, ca. 0.2 V vs SHE relative to the control
coating was observed, as well as a negative shift in the underfilm
delamination zone. This increase in E;,,; and E.q,, of the delamina-
tion zone is consistent with predominately anodic inhibition within
these regions. The mode of inhibition of smart release HT-PPH™
relative to H,PP are likely similar; however, it appears that without
the critical acid etch step, the reduction in the Ky is significantly
lower.
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PVB films containing 0.1 PVF of HT exchanged with various organic
corrosion inhibitors.

Table II. parabolic rate constant (Kg4) at a PVF of 0.1 for organic
inhibitor exchanged HT within a PVB model coating and percentage
change in delamination rate (AKy,) relative to an unpigmented PVB
coating.

Kger (um AKger

min'"?) (%)
HT-TZ~ 437.07 + 12.24 —22%
PVB 544.12 + 15.24 0%
HT-TC~ 397.57 + 11.13 27%
HT-PP~ 335.56 + 9.40 38%
HT-BZ~ 216.43 £ 6.06 60%
HT-SAL™ 62.352 = 1.75 89%
HT-BTA™ 12.46 + 0.35 98%

The E.orr VS Xger plots obtained for HT-TZ™, HT-BZ™ and
HT-SAL™ dispersed PVB coatings share several similarities, as
shown in Figs. 6b, 6d and 6e. This is unsurprising as these inhibitor
ions contain the same aromatic and carboxylate functionalities.

Each of the aromatic carboxylate-based inhibitors cause a time-
dependent progressive, positive E., shift within the delaminated
coating region, which increases with time. In the case of 0.1 PVF of
HT-BZ™ and HT-SAL™ dispersed PVB coatings, an increase in
Ejntace Of ca. 0.5 V and ca. 0.15 V vs SHE respectively was observed
relative to unpigmented PVB coating. Interestingly, HT-SAL™
dispersions were observed to cause some striking changes in E o, Vs
Xger profiles relative to the other inhibitors and unpigmented PVB.

When the time-dependent Xg. data for the delamination of 0.1
PVF HT- aromatic carboxylate-based inhibitors dispersed PVB
coating is plotted as a function of (tge-t;)""?, shown in Fig. 7, K
extracted from the gradient can be used as a measure of inhibitor
effectiveness. Considering Fig. 7, it appears HT-SAL™, provides a
much stronger level of inhibition than the other carboxylate-based
inhibitors and correspondingly reduced Kg. considerably (89%)
relative to the PVB control experiment and when compared with the
HT-TC™ (27%) and HT-BZ™~ (60%).

Closer inspection of Fig. 7 shows that for the delamination of
PVB coatings containing 0.1 PVF of HT-SAL™ and HT-BZ™, a
deviation to higher-order delamination kinetics appears to be
observed. This is caused by a shift in the rate-determining step of
cathodic disbondment. Typically, the rate-determining step of
cathodic disbondment is the migration of cations from the defect

to the delamination front. Under mass transport control, with
increasing time and distance of delamination, parabolic delamination
kinetics become established (or linear kinetics when plotted against
(tdcl—ti)l/z). Previous studies have shown that a change in delamina-
tion kinetics is indicative of a change in the rate-determining step
from a migrational mass transport of cations to electron transfer to
the ORR within the cathodic disbondment front. Furthermore, this
change in delamination rate can result from cathodic inhibitors
forming protective layers within the cathode, reducing electron
transfer to the ORR.

Earlier studies suggest all the aromatic carboxylate-based in-
hibitors investigated can act as cathodic inhibitors by forming a thin
absorbed layer on the metal surface, reducing oxygen diffusion to
the metal substrate surface and suppressing the cathodic
reaction.’***°! Consistent with the literature, a negative shift in
E.orr adjacent to the cathodic front relative to the unpigmented
control was observed in the case of HT-SAL™ containing coatings.

Another important finding was that all HT- aromatic carboxylate-
based inhibitors cause a time-dependent progressive, positive shift in
Ecorr Within the delaminated coating region. Furthermore, coatings
containing 0.1 PVF of HT-BZ™ and HT-SAL™ an increase in Ejp¢.
of ca. 0.5V and ca. 0.15V vs SHE respectively was observed
relative to unpigmented PVB coating.

These results suggest that these inhibitors provide predominately
anodic inhibition within these regions, which is consistent with the
literature. Previous studies state that HT-BZ~ and HT-TC™ readily
react with zinc ions through carboxylate functionalities forming
insoluble precipitates.”®™** Although zinc salicylate is soluble in
water, the reaction between salicylic acid and ZnO results in the
formation of insoluble 8lastic—like masses of 2:1 Zn(salicylate) and
1:1 Zn(salicylate) salts.”>7

A surprising result is that relative to the control coating, for
HT-SAL™ containing coatings, a more positive potential value is
observed adjacent to the model defect (ca. —0.7 V vs SHE) and a
more negative potential is observed in the region which trails the
disbondment front (ca. —0.8 V vs SHE). As mentioned before, the
positive potential shift adjacent to the defect is consistent with
anodic inhibition. Whereas, the literature states that such a negative
shift in E.,, is maybe consistent with cathodic inhibition, but also
that an E.,; of ca. —0.8 V vs SHE is compatible with a freely
corroding zinc electrode.

In this respect, the E.,; vs Xge profiles’ shape resembles those
obtained for filiform-like corrosion, where anodic undermining is the
principal organic coating de-adhesion mechanism.**** However,
after removing the specimen under investigation from the SKP
chamber after 24 h, there was no visual evidence of the presence of
copious corrosion product marking the site of disbondment, which
would be expected had a polarity reversal of the delamination cell
occurred, leading to chloride ion ingress. However, it could be
argued that this hypothesis is unlikely as in the case of chloride ion
ingress, increased ion exchange with the dispersed HT-SAL™
pigment would cause increased release of inhibitor ions.

Salicylic acid, salicylate and other phenolic carboxylates are
commonly recognized as free radical scavengers which undergo
progressive hydroxylation, dimerization and polymerisation.”®~%
Stratmann et al. showed that the ORR free radical intermediates
(O, " and OH") caused significant oxidative destruction of the metal/
polymer interface and was an important factor in cathodic disbond-
ment. Furthermore, corrosion-driven cathodic disbondment has been
achieved by dispersing free radical scavengers within various
polymer coating by Sorensen et al..'®" It is consistent with the
literature that salicylate could be interfering with the cathodic
reaction by removing free radical intermediates necessary for the
destruction of the metal/polymer interface®. The ultimate product of
such reactions would be a poly-SAL film that has been reported to
cause electrode passivation or fouling'®>'** and used to protect
metals.'® Whether such a protective polymeric film is present and
the exact mode of inhibition offered by HT-SAL™ is still unknown,
and further studies are therefore suggested. It appears that in the case
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of cathodic disbondment of PVB coatings from HDG that HT-
phenolate inhibits reduce the rates of delamination via a mixed
inhibitory mode. However, for the most effective HT-phenolate
inhibitors investigated, there is evidence to suggest cathodic inhibi-
tion is an important factor.

By far the most effective corrosion inhibitor in reducing the rate
of cathodic disbondment of PVB from HDG was HT-BTA™.
Initiation of delamination was not observed over a 24 h period for
PVF of 0.1. Experiments were extended up to 4 days to determine if
cathodic disbondment eventually occurred. Initiation of delamina-
tion only occurred 40 h after the addition of the initiating electrolyte,
whereas in the case of an unpigmented PVB coating, it can be
detected after 1 h. The E_,, vs Xge profiles in Fig. 6f obtained after
the onset of delamination exhibit some significant differences to
those shown in Fig. 2 for uninhibited PVB. Although the progress of
the delamination front was measurable, the reduction in Ky relative
to the PVB control was considerably higher (98%) than all other HT
based pigment systems and similar to that obtained for
HT — CrO,%>" containing coatings (97%). The presence of the
HT-BTA™ within the PVB coating appears to positively shift both
the potential of the intact coating ca. +0.15 V and the delaminated
underfilm region ca. +0.2 V relative to unpigmented PVB coating.
This result is in accordance with a predominantly anodic inhibitor
within these regions. Similar E.,, vs Xy, profiles have been
observed for amberlite based smart releases inhibitors exchanged
with cationic BTAH," under the same conditions.'®® Previous
studies have shown that BTA acts as an anodic inhibitor when
dosed into chloride containing aqueous solution by reacting with
zinc ions formed during anodic dissolution and forming an insoluble
precipitate.'

When considering the time-dependent X, data plotted versus
(tger-t)? for HT-BTA containing PVB coating and the resulting
Kuael, 1t appears a deviation in rate kinetics is observed relative to
unpigmented PVB. Therefore, it seems that a switch in the rate-
determining step of cathodic disbondment has occurred. For
unpigmented PVB, the rate-determining step has been shown to be
the migrational mass transport of cations from the defect to the
delamination front. The deviation in delamination kinetics has
previously been attributed to a change in the rate-determining step
of cathodic disbondment to interfacial electron transfer to the
ORR."”

Due to the efficiency of HT-BTA™ at reducing the rate of
cathodic disbondment, an in-depth investigation of this particular
pigment’s performance was carried out by systematically varying the
PVF dispersed within the model PVB coating. The resulting time-
dependent Xy is plotted as a function of tge-t; instead of (tger-t)?
used prominently throughout this study for ease of comparison, and
the data is shown in Fig. 8. Increasing HT-BTA™ PVF from 0.005 to
0.20 led to a progressive and significant decrease in the rate of
delamination. From this data, we can see that the unpigmented PVB
control coating gives rise to parabolic delamination kinetics indica-
tive of mass transport control. However, for HT-BTA™ containing
coatings, in all cases, it appears a switch in the delamination kinetics
is observed relative to the control coating. Previous research has
established that the presence of cathodic inhibitors may cause such a
marked switch in delamination kinetics by reducing the rate of the
interfacial ORR.

These experiments have confirmed that HT is an effective smart
release delivery system, with its inhibition efficiency being highly
dependent on the intercalated inhibitor anion type. The results
appear to show that the most efficient HT smart release inhibitors
investigated seem to do so via causing a change in the rate-
determining step of cathodic disbondment from migrational mass
transport to the to one of interfacial electron transfer involving
underfilm ORR.

Evaluation of benzotriazole-substrate interaction.—HT-BTA™
has been shown to be an effective inhibitor of HDG corrosion. The
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Figure 8. Plots of delamination distance (Xg4.) as a function of (tger-ty)'”? for
PVB films containing various PVF of HT-BTA ™.

addition of HT-BTA™ delays the onset of delamination and once
initiated, slows the rate of delamination, and causes a change in the
kinetics. Based on these results, it could be hypothesized that BTA
acts to inhibit corrosion-driven cathodic disbondment via mixed
inhibition. Therefore, the extent to which and the mechanism by
which HT-BTA™ provides corrosion protection will be investigated,
explored and discussed.

The change in delamination kinetics observed in Figs. 7 and 8 is
indicative of cathodic inhibition. It is plausible that once exchanged,
BTA™ adsorbs at the metal electrolyte interface and inhibits the
cathodic ORR (2) and electron transfer reactions within the under-
film delamination region and cathodic delamination front.

From Fig. 6f a progressive, positive shift in potential was
observed within the region of the delamination zone and the intact
coating. In accordance with mixed potential theory, such observa-
tions have previously been ascribed to anodic inhibition. It is
possible, therefore, that once exchanged, anionic BTA (see reactions
9 and 10) may react with anodically evolved zinc ions to form an
insoluble precipitate, which inhibits the anodic dissolution reaction
(3), within the region of model defect.

BTAH? < BTAH + H*pK, ~ 1.1 [9]

BTAH < BTA~ + H* pK, =82 [10]

The increase in Ej,.. observed may result from reactions of
atmospheric oxygen or Bronstead acids or bases with the coating
and metal (oxide) surface.!”’81%6 A change in E;,,, has previously
been ascribed to the effect of inhibitor release from a smart release
pigment before the addition of the initiating and interaction with the
bulk electrolyte.' Ton exchange may occur between cathodically
produced hydroxide ions and the small proportion of HT-BTA™
dispersed throughout the model coating at the metal coating inter-
face. Once released, the inhibitor reacts with the zinc surface,
causing passivation. In the region of the undelaminated coating, in
the absence of bulk electrolyte anodic inhibition reaction of BTA™
with anodically evolved zinc ions is improbable. Anion BTA may
passivate the zinc surface in a similar manner to that proposed
previously by Birblus et al. It was postulated that the mechanism of
inhibition of BTA anions on a Magnesium alloy (in wt%: Mg-
12.1Zn-3.5A1-0.3Mn-0.1Ca-0.0029 Fe) was to act as a nucleating
agent which activates the formation of a densely packed passivating
Mg(OH), layer.'® However, the amount of HT-BTA ™ present at the
polymer-metal interface in the undelaminated coating region avail-
able to undergo exchange is assumed to be small, due to the absence
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Figure 9. Showing the obtained XPS spectra of the Stratmann cells model
defect region after the SKP experiments using PVB coatings with and
without 0.1 PVF dispersed HT-BTA ™.

of bulk electrolyte, and therefore the overall contribution to the
inhibition of corrosion-driven cathodic disbondment would be
negligible. From these results it can be inferred that HT-BTA™
provides predominantly cathodic inhibition in the underfilm delami-
nation zone and the cathodic delamination front. Furthermore, that
HT-BTA™ produces anodic inhibition by complexing with anodi-
cally produced zinc ions in the region of the model defect.
Therefore, it is likely that anodic and cathodic inhibitor mechanisms
are responsible for the considerable combined effect on the inhibi-
tion of cathodic disbondment.

Anodic inhibition resulting from the reaction of BTA™ with zinc
ions is thought to be a significant factor in the overall corrosion
inhibition mechanism. A white precipitate was observed in the
model defect of the Stratmann cell following delamination of
coatings containing HT-BTA™. It is possible that once anionic
BTA™ is released from the HT, it migrates into the model defect
where it may react with zinc ions (formed during the primary anodic
reaction (5)) to form an insoluble zinc/BTA salt or complex
according to reactions 11 and 12.

Znih + 2BTAG, — Zn(BTA),,, [11]

Znih + BTA G, — [ZnBTAl, ;) [12]

X-ray photoelectron spectroscopy (XPS) analysis, shown in Fig. 9,
of the white precipitate showed the presence of an N1s peak (400 eV
binding energy). No nitrogen peak was detected for the unpigmented
PVB control. These XPS results suggest that BTA™ is present within
the model defect. This result would seem to be at odds with Richards
et al. findings where the author, investigating the effects of a cationic
BTA (9) containing pigment on the rates of cathodic disbondment of
PVB from HDG and found there was no evidence of cationic BTA
within the model defect.'® However, this finding is unsurprising
when considering that cationic BTA would be electrostatically
excluded from the model defect due to the anodic dissolution of
zinc ions (3).

Further surface analysis was required to determine the nature of
the insoluble precipitate formed. The samples were characterized
using SEM and EDX were split into three groups; the first HDG
sample was left untreated, the second sample was immersed in

10 um
Figure 10. (a) SEM images of untreated HDG. (b) HDG after immersion in

0.86 mol.dm ™ NaCl,q, solutions and (c) with the addition of 0.1 mol.dm™
BTA for one week.

0.86 M NaCl for one week, and the third was submerged in both
0.86 mol.dm > NaCl and 0.1 mol.dm ™ * BTA,q, again, for one week.
The first HDG sample, which was left unsubmerged as a control
(Fig. 10a) showed a typical smooth surface. The second sample,
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Figure 12. Plots of delamination distance (Xg.) as a function of (tger-t)'?
for PVB from HDG with different concentrations of BTA added to the
initiating electrolyte.

which was left un-inhibited in salt solution, showed a highly
roughened and corroded surface (Fig. 10b). The third sample,
submerged in both BTA and NaCl solution, showed a platelet like
surface morphology (Fig. 10c). These results further support the
presence of an insoluble Zn:BTA,, precipitate, providing anodic
inhibition.

The extent to which anodic or cathodic modes of inhibition
contribute to the observed inhibition of the rate of cathodic
disbondment from HDG was investigated via a series of

potentiodynamic polarisation experiments. The potentiodynamic
polarization curves of HDG steel immersed in 0.86 mol.dm™>
NaCl with additions of varying BTA concentrations are shown in
Figs. 11a and 11b for the anodic and cathodic branches, respectively.
Both sets of experiments showed that the open corrosion potential is
shifted more positively with increasing BTA concentration, indica-
tive of a net anodic inhibitory effect. The potentiodynamic curves in
both Figs. 11a and 11b show that with increasing concentrations of
BTA, both anodic and cathodic current density values decrease,
indicating that BTA acts as a mixed-type inhibitor.

A comparison of the previous results suggests that BTA is a
mixed inhibitor with a predominantly anodic inhibitory effect. In the
case of in-coating HT-BTA ™, released BTA™ must migrate to the
bare zinc surface within the model defect to cause anodic inhibition.
However, with the previous Stratmann type cathodic delamination
experiments, the model defect area is large and presumably contains
an unrepresentative low concentration BTA™ anions. Therefore, the
previous delamination experiments are not anodically limited and
give rise to the question as to whether the BTA™ detected within the
model defect could significantly contribute to the observed inhibition
of cathodic disbondment. Therefore, a series of SKP experiments
were carried out where various concentrations of BTA were added to
the initiating electrolyte within the model defect. Values for time-
dependent E.,, vs delamination distance profiles plotted as a
function of the square route of time (Fig. 12) showed that the
additions of different BTA concentrations to the model defect caused
a 7 h delay in the delamination initiation time. Furthermore, in
concordance with previous results for HT-BTA™, delamination rate
decreases with increasing BTA concentration, and a deviation to
linear delamination kinetics appeared to occur. This suggests that
electron transfer is the rate-limiting step. The reduction in the rate of
delamination observed is small compared to the case of HT-BTA™
dispersed within the model coating. This result has the implication
that anodic inhibition cannot be the main mechanism by which BTA
inhibits cathodic disbondment. The delay in the delamination
initiation time may be the result of cathodic inhibition within the
model defect. Previous research has established that BTA inhibits
corrosion via the formation of an adsorbed layer at the cathode,
which will, in turn, reduce the rate of the ORR. Such a protective
layer inhibiting the cathodic reaction of general corrosion within the
model defect could explain a similar length delay in initiation time
observed for different concentrations of BTA additions. Once
present near the cathodic delamination front, BTA will experience
higher pH conditions and undergo deprotonation as described in
reaction (2). Hence, it can conceivably be hypothesized that BTA
offers predominantly cathodic inhibition by forming an adsorbed
layer which reduces rate of the ORR.

Conclusions

Various hydrotalcite-based smart-release corrosion inhibitors
containing a range of inorganic and organic anions were added to
a PVB coating to determine an effective, environmentally friendly
alternative to pigments based upon sparingly soluble hexavalent
chromium salts. The majority of the smart release inhibitors led to a
reduction in the rate of cathodic disbondment from HDG (sum-
marised in Tables I and II). Still, inhibition efficiency was strongly
related to the nature of the anion incorporated within the HT delivery
system. Of the inorganic anions evaluated, none performed as well
as chromate. However, certain organic anions produced a level of
inhibition equivalent to that of chromate.

HT-BTA™ effectively reduced the rate of corrosion and caused a
significant delay in the initiation of the cathodic delamination
process. This study has identified three main modes by which HT-
BTA- inhibits the cathodic disbondment of PVB coatings from
HDG. Firstly HT-BTA™ must encounter anionic species (typically
Cl™ and OH™ ions in the region of the model defect), at which point
the anion will be sequestered and exchanged with BTA™. This
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exchange process, however, has been shown to produce a negligible
reduction in the rate of cathodic delamination.

Secondly, HT-BTA is thought to inhibit the cathodic disbond-
ment mechanism by anodic inhibition of the bare zinc surface within
the model defect, as demonstrated by potentiodynamic polarisation,
SEM and XPS results. These results may be explained by the
formation of Zn(BTA),«) oligomers or Zn(BTA),., salts at the
anode. Prior studies have suggested that BTA reacts with zinc ions
produced during the anodic dissolution reaction (5). It has been
sugigested that either an insoluble precipitate of zinc-benzotriazole
salt" or a metal-polymeric film is formed.''®

Lastly, the primary mode of inhibition is thought to be HT-BTA™
produced cathodic inhibition within the underfilm delaminated zone
and critically within the region of the cathodic delamination front as
demonstrated by potentiodynamic polarisation experiments, SKP
and, most significantly, the SKP study where BTA was added to the
initiating electrolyte within the model defect.
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