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Influence of uniaxial deformation on surface morphology and corrosion

performance of chromium-based coatings for packaging steel
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Highlights

e The kinetics of corrosion-driven cathodic disbondment of a model PVB coating
adhered to novel chromium (111) metal-oxide-carbide coated steels, post-application
of varying levels of uniaxial strain, was investigated using an in-situ scanning
Kelvin probe (SKP).

e The Cr(VI) derived coatings were fully resistant to cathodic disbondment pre and
post-application of uniaxial strain.

e Cathodic disbondment kinetics increase with the percentage of uniaxial strain applied
for Cr(I1l) derived coatings

e Cathodic driven disbondment rates suppressed with Cr oxide thickness increase, pre
and post deformation.

e Changes in coating morphology induced by deformation are assessed using a
scanning electron microscope

e Hydrogen evolution kinetics are measured to assess the electrochemical availability
of the underlying iron-based substrate post deformation.

Abstract

Chromium-based coatings on steel, cathodically electroplated from Cr(VI) and Cr(l1l)
electrolytes, were studied to compare their corrosion resistance following application of
uniaxial strain. An organic overcoat (PVB) was applied to strained samples and an in-situ
scanning Kelvin probe technique was used to determine rates of PVB cathodic
disbondment. The Cr(VI) derived coatings were fully resistant to cathodic disbondment
post-deformation. The Cr(lll) derived coatings exhibited increased rates of cathodic

disbondment with increasing uniaxial strain. The Kinetics of cathodic disbondment are



explained on the basis of coating morphology produced by deformation, and the exposure
of underlying iron. The electrochemical availability of iron is estimated by measuring

hydrogen evolution kinetics on cathodically polarised samples.

Keywords: steel; Chromium; Cathodic disbondment; Oxygen reduction; Packaging
Steels; Uniaxial Deformation

1. Introduction

“Tin-Free” Packaging steels with chromium/chromium oxide coatings are typically
produced by cathodic electrodeposition of a hexavalent chromium based electrolyte [1-3].
The current industry standard electro-chromium coated steel (ECCS) exhibits a duplex
coating consisting of a base layer of chromium metal and a superimposing layer of
chromium oxide. The ECCS electrolyte bath typically consists of aqueous chromic acid
(Cr0O3) and sulphuric acid (H2SO4). Hexavalent chromium is a known carcinogenic and
considered dangerous to workers on the electroplating line[4-5]. Therefore the demand for
a similar but safe coating is significant [6]. The coating must be comparable to ECCS in a
range of areas to be a successful replacement. The replacement must be non-toxic and offer
the capability to be produced on similar tinning lines used for the packaging steel products.
It must also offer corrosion resistance to many types of corrosion mechanisms, including,
atmospheric corrosion, delamination and filiform corrosion. The coating must have the
formability properties to be deep drawn without any effects on the mechanical or
electrochemical properties of the substrate or coating. Lastly, the coating must have the
adhesion properties for the lacquers and organic overcoats to be applied and offer the

barrier layer protection desired.

A prototype alternative to ECCS has been developed, which uses a trivalent chromium-
based electrolyte during the electrodeposition process [1,2,7,8]. The coating comprises of
mixed chromium metal, chromium oxide and chromium carbide coating, which presents

no risks to workers [1,2,7].



Barrier coatings such as polyethylene terephthalate are used in conjunction with chromium
coating steels to resist corrosion initiation [9-14]. A corrosion mechanism associated with
this coating matrix is cathodic disbondment. Cathodic disbondment can occur on the
internal surface of a can when in the presence of a corrosive electrolyte. This corrosive
response to a defect in the polymer coating will determine how long the contents of a can
remain preserved [9]. Deformation has been shown to reduce the corrosion performance of
ECCS [9,10]. Scanning Kelvin probe (SKP) investigations have been investigated for Cr3*
based electrolyte coatings and ECCS [1,2]. Reported results show that ECCS is fully
resistant to cathodic driven disbondment and filiform corrosion. Cr3* based coatings
demonstrated a reduced rate of cathodic disbondment and filiform corrosion when
compared to pure iron; however, the initiation of both atmospheric corrosion mechanisms
was observed [1]. Increased resistance to the rate of cathodic disbondment occurs when the
level of chromium (111) oxide content was increased for Cr (I111) coatings. A high Cr (I11)

oxide thickness demonstrated full resistance to cathodic disbondment, similar to ECCS [2].

A critical aspect in the protection provided by ECCS or any Cr (I11) replacement coating,
is the ability to withstand mechanical deformation. Packaging steels are used in the two-
piece draw and redraw (DRD) can making industry and will be subjected to high values of
elongation, including uniaxial strain. Deep drawing deformation may cause deterioration
of the coating in the form of thinning and surface cracking, factors which can influence the
corrosion performance [9-16]. The Scanning Kelvin Probe (SKP) technique has been
widley used to follow the corrosion-driven cathodic delamination of organic coatings from
a variety of metallic substrates[1, 2, 15-21]. A method has been developed by Posner et al.
to measure cathodic disbondment rates of organic coatings applied over stretch-formed
conversion films on galvanised steel. This study showed micro defects could be produced
in the conversion film by deformation, which produced higher anodic and cathodic current
density values during cyclic voltammetry, compared to non-deformed samples [15]. The
SKP showed that the potential difference between corrosively delaminated and intact
organic coated areas (the driving force for cathodic disbondment), increased with the
degree of deformation. However, no significant increase in the cathodic delamination rate

was detected for samples strained up to 15% [15].



The work to be presented here was aimed at determining the extent to which uniaxial
deformation (elongation) of ECCS and Cr(lll) coated steels affects the cathodic
disbondment kinetics of a subsequently applied organic coating (polyvinyl butyral, PVB).
Potential distributions within the cathodic delamination localized corrosion cell and rates
of organic coating delamination are measured using an in-situ SKP apparatus in
conjunction with a Stratmann type experimental setup. A similar approach has recently
been used to show relationships between Cr(l11) coating parameters and organic coating
cathodic delmaiantion rate in undeformed Cr(l11) coated systems [2]. Changes in Cr(l1l)
coating morphology and the accumulation of penetrative Cr(lll) coating defects with
increasing degrees of elongation are followed systematically using a scanning electron
microscope (SEM). The exposure and electrochemical availibilty of substrate iron (through
penetrative Cr(111) defects) is estimated using ex-situ cathodic polarisation experiments.
Finally the observed changes in cathodic delamination rates are correlated with elongation
induced Cr(111) coating defect accumulation and iron exposure to provide a full mechanistic

understanding of the phenomena involved.

2. Experimental

2.1 Materials

Iron foil of 99.85% purity and 0.9mm thickness was acquired from Goodfellows
Cambridge Ltd. ECCS and the Cr(lll) coated steel samples were obtained from TATA
Steel Packaging Europe. Two Cr(l1l) coatings were used with different levels of Cr(llI)
oxide, a low level of 4mg/m? and a high level of 19mg/m?2. Chemical compositions of the
Cr(I11) coated steel and ECCS samples is listed in Table 1. Uncoated packaing steel was
used, known as blackplate, which is a low carbon steel with few other significant alloying
elements. The typical composition of the substrate is shown in table 2. The blackplate
sample was in accordance with the Euronorm standard 10205. Polyvinyl Butyral (PVB)

and other chemicals were analytical grade purity and obtained from Sigma Aldrich.



Table 1 Chemical composition (mg.m2) of ECCS and Cr (111) coated steel from XRF

Sample

Total Chromium (mg.m)

Chromium Oxide (mg.m)

High Cr(111) Oxide

182

19

Low Cr(111) Oxide

187

4

ECCS

138

8

Table 2 Chemical composition wt% of packaging steel substrate

Element Content
Carbon, C 0.22 %
Iron, Fe 99.2%
Manganese, Mn 0.16 %
Phosphorous, P 0.01 %
Sulphur, S 0.01 %
Chromium, Cr 0.02%

2.2 Surface characterisation

Surface morphology studies of the samples were carried out on the JEOL 7800 FEG SEM

(Field Emission Gun, Scanning Electron Microscope). Images were captured using the

LED (Lower Electron Detector) at a working distance of between 7-8 mm and an

accelerating voltage of 5kv.

2.3 Application of Uniaxial Deformation

The samples were uniaxially deformed to 5%, 10% and 20% strain using a

Hounsfield/Tinius Olsen tensile tester and extensometer. A typical stress-strain curve of a

Cr(111) coated steel samples, shown in Fig.2, identifties the elongation points of the strain

values chosen. The tensile samples were dog-bone shaped and had a gauge area of 60 x



22mm? (Fig.3). A 30mm extensometer was used to measure the elongation values of the
tensile samples. The degree of deformation percentage corresponds to the sample

elongation along the long axis.
2.4 Electrochemical Characterisation
Cathodic Polarisation

Cathodic polarisation electrochemical experiments were conducted using a Solartron 1280
Electrochemical Measurement Unit. Mercury-Mercury Sulphate Reference Electrode, in
conjunction with a three-electrode cell, was used to provide a fixed potential throughout
the experiment. Coated steel samples were cut to discs of 20mm diameter and placed in a
working electrode sample holder, exposing a substrate area of 10mm diameter to the
electrolyte. Tests were completed in a 0.5 M aqueous sodium sulphate (Na2SO4)
containing 0.025 M sodium tetraborate (Na2B40O7.10H20) and 0.1 M sodium hydroxide
(NaOH), which gave a buffered solution of pH9.3 at 20°C. Deaerated conditions were used
and achieved by a nitrogen purge for 30 minutes before each experiment. During the scan,
nitrogen flowed over the surface of the electrolyte and then the electrolyte covered to
maintain deaerated conditions. Potentiodynamic scans were completed at a scan rate of
0.333 mv/s and using a platinum gauze counter electrode. Under deaerated conditions, the
principal cathodic reaction will be hydrogen evolution. Cathodic hydrogen evolution is not
thought to be important in the cathodic disbondment of organic coatings from iron/steel.
Hydrogen evolution rates are used here merely as a measure of what fraction of the steel
substrate is exposed to electrolyte and analysed to support interfacial electron transfer

processes.
Cathodic Delamination

For cathodic disbondment experiments the preparation of the samples followed a well-
established methodology [1-2,16-21]. Fig.1. displays a representation of the sample
preparation. Strained tensile specimens of the coated steels were cut into 30x20mm
samples using a sheet metal guillotine. The samples were sectioned from the region
measured by the extensometer (Fig.3). All samples were degreased before any

experimentation. Adhesive clear tape, measuring 12mm x 20mm was placed over one edge



of the sample, followed by two strips of PVC tape with a thickness of 50um, placed
adjacently to either side of the clear tape. Exposed on the sample was a central 10mm strip
of the uncovered surface. PVB solution was used as the model organic coating during the
cathodic delamination study. Using a glass rod, the samples were bar coated with a 15%
w/w PVB and ethanol solution. The PVB coating thickness was determined by the PVC
tape adhered to either side of the 10mm exposed surface. The well for the cell was created
by cutting down the sides of the border between the PVC tape and clear tape with a scalpel,
leaving an uncut section of 0.5mm to the edge of the 10mm exposed area. The cut area was
lifted from the surface and cut off, leaving a clear tape lip at the edge of the exposed area.
The electrolyte well was sealed by coating silicone rubber, supplied by RS Components
Ltd.

During the experiment, a humidity of 95% was used at a room temperature of 25°C. The
humidity was kept constant by placing reservoirs of 5% NaCl solution within the SKP
chamber during the experiment. The sample was placed into the chamber and electrolyte
was added to the silicone well to initiate the cathodic delamination process. The SKP
chamber was closed to allow for the humidity to reach 95%. The SKP reference probe
scanned, 100um from the surface, 12mm lines along the coated PVB coated surface,
starting from the defect edge. Scans were taken every 1h, and the Ecorr was recorded at 20
points per mm. Details on the SKP equipment and calibration have been described
elsewhere. [17,18]

3. Results and Discussion

3.1 Surface appearance post uniaxial deformation

Fig.4 shows the surface morphology of ECCS post elongation at various percentage strains.
Bands on the surface, forming at 45 degrees to the applied tension in the y-axis, intensify
with increased strain. These surface features have been reported by X. Zhang, where they
are identified as Luders bands or localized areas of plastic deformation in the underlying

steel substrate caused by discontinuous yielding [8]. No visual cracking is identified from



these band formations for ECCS samples. However the underlying substrate may still be
exposed due to the formation of the slip bands cutting through the Cr layer. Defects seen
on the surface are caused by the plating process and the penetration of features from the
underlying steel. Elongation is not considered the cause for the discussed defects, due to
the surface of 0% strain demonstrating similar imperfections. It may be assumed that these
scratches are defects in the underlying steel, penetrating through the tin coating. ECCS
does not show any cracks where the Lders bands push through the surface. As ECCS is
usually epitaxial to the substrate it may be assumed that they deform as one with the
underlying steel. It is proposed that if no Cr is spread out over the surface during the process
of straining, then it is expected no iron will be exposed at the features as long the steps in

the y axis of the steel are smaller than the thickness of the Cr layer.

The SEM images in Fig.5-6 illustrate that the more deformation which is applied to the
Cr(111) layer, for both the low (4mg/m?) and high (19mg/m?) Cr(l11) oxide Cr(I11) coatings,
the more cracking appeared on the surface. Cracking on the outer surface of the samples
appeared in bands, 45 degrees to the direction of force applied. The high Cr(l1l) oxide
coating in comparison to the low Cr(lll) oxide coating showed a higher value of
interlinking smaller cracks, from the 45-degree bands. This feature could be attributed to
the higher Cr(111) oxide content of 19mg/m?, resulting in a higher degree of brittle cracking.
Cracking of the coating however does not suggest the exposure of the underlying steel to a

corrosive electrolyte due to the thickness of the oxide layer applied.

For low and high Cr(l1l) oxide coatings cracking formations are seen on the 5% strain
samples. At 10% strain, little change is seen when compared to 5% strain for the low oxide
coating. However for the high Cr(lll) oxide coating visible cracks appear, due to the
increased roughness caused by an increase in deformation. The amount of cracking
increases between 10% and 20% for both samples; however, the cracks on the surface of
the high Cr(l111) oxide coating show regions of interlinking. A high density of tiny cracks
are seen to cover the whole coating surface of the high oxide sample strained to 20%. The
cracking is not only confined at the Liiders bands, but also is present in the areas between

the features



The ECCS coating contains a defined chromium oxide and chromium metal layer. The
chromium oxide layer will be damaged during deformation. However, oxidation of the
chromium metal layer underneath to CrOs is suggested to repair the coating. The Cr(ll1)
based coatings have no defined layers, where chromium oxide and chromium carbide are
combined with chromium metal to form the coating. The formation of chromium oxide on
a damaged Cr(l1l) coating will occur, comparable to ECCS, due to the oxidation of any
exposed chromium metal after straining. The integration of chromium oxide and
chromium carbide however may affect the ductility of the coating compared to a pure
chromium metal layer. It is suggested that the ductility of the ECCS coating is higher
compared to Cr(lll) coatings, resulting in the presence of fewer cracks post uniaxial
elongation. The impact of self-healing chromium oxidation properties is reduced for Cr(l11)
layers due to the absence of a pure chromium metal layer. ECCS has a lower coating weight
compared to the Cr(l1) coatings, therefore exposure of the substrate due to the formation
of steps in the underlying steel, appears to be not directly related to the thickness of the
coating. However the possibility that differences in coating weight, described in Table 1,
contributes to the observed variations in behaviour cannot be ruled out.

3.2 Cathodic Disbhondment

Initial experiments were completed on pure iron to acquire a threshold of resistance to
delamination in the absence of the electroplated chromium coatings. From the point of
initiation of the experiment, the PVB overcoat began to delaminate, resulting in the
Ecorr(x) profiles shown in Fig.7(a). The intact coating values for Ecorr remained high and
uniform at values between 0.05V and 0.22V vs SHE for 24 hours. Measured values are
similar to studies previously completed [19]. At the point where the metal and electrolyte
meet due to delamination, the Ecorr value drops to -0.25V vs SHE after initiation. The
recorded value is expected and in the region of active anodic iron at -0.44V vs SHE [15,19].

Previous studies have shown that a local cathode is established during the delamination of

the PVB layer [16]. This local cathode supports the oxygen reduction reaction, which is



found at the delamination front and results in a loss of adhesion between the coating layer
and the substrate. The coating defect exhibits anodic dissolution of iron. The link between
the anodic and cathodic sites causes an ionic current to flow underneath the PVB film.
Ingress of the electrolyte from the defect to the cathodic delamination front occurs leading
to coating disbondment as the electrolyte progresses further from the defect. Due to the
ionic conductivity of the electrolyte, a linear gradient in potential is established between
the Ecorr at the cathode and the still intact PVB coating. The maximum gradient in the Ecorr
profiles has been shown as a semi-empirical method of determining the delamination front
[16,19]. On iron, as the delamination front moves further from the defect site, the rate of
any further delamination decreases with time. This phenomenon is found on systems where
the delamination is controlled by the migration of ions from the defect site to the cathodic
front. In the case of this experiment, the migration of electrolyte cations (Na*). For
migration controlled delamination, the time since the introduction of electrolyte (tdel), is
related to the distance of delamination (xdel), where t; is the initiation period, and kd is the

rate of delamination [19,21].
Xdel = Ka(tdel — ti)/2

A plot of xdel vs (tqel - ti) for iron Ecorr profiles were compiled and shown in Fig 7(b). The

plot shows a parabolic curve identifying migration controlled disbondment kinetics [21].

Three repeats were completed on the four ECCS samples, 0%, 5%, 10% and 20% strain,
which resulted in no cathodic delamination over a time of 96 hours. The Ecorr values
remained level shown in Fig. 8, due to no coupling between the defect and a cathodic
delamination front, even at the highest elongation of 20%. Throughout the experiment, the

Ecorr value for an intact coating was measured.

Cathodic delamination was observed for both the low (4mg/m?) and high (19mg/m?) Cr(l11)
oxide Cr(I1) coating samples, however, at different values of elongation. The high Cr(ll1)
oxide coating at 0% and 5% elongation observed the same Ecorr potential plateau shown
for all the ECCS samples, indicating no cathodic delamination over 96 hours. Fig.9 shows
the Ecorr(X) profiles for 10% strain, high Cr(111) oxide coating, which are displayed from
initiation time, followed by 4-hour gaps, over 24 hours of delamination. The data shows

that the Ecor(X) profiles are separated by a constant distance over the length of the



delamination experiment, suggesting linear kinetics controlled by electron transfer [21].
Electron transfer controlled delamination of a PVB overcoat on Cr(l11) coatings have been
shown by Wint [1]. Wint suggested delamination initiated on Cr(l11) based coatings due to
pinholes observed on scanning electron microscope images. The pinholes were suggested
to expose the underlying steel, acting as defects in the coating. The high Cr(lll) oxide
coating showed no delamination when no deformation was applied. Therefore the only
defects in the coating are the cracks formed post-deformation. Fig. 10 shows plots of
delamination area vs time for 10% and 20% strain, high Cr(l11) oxide coating. An increase
in the delamination distance from 850um to 1050um occurs at a higher strain percentage.
Differences between the intact and delaminated potential values are not present between

the two deformed samples.

The low Cr (I11) oxide (4mg/m?), Cr(l11) coating sample, when no deformation has been
applied, observes cathodic disbondment of the PVB overcoat. The Ecorr profiles, shown
in Fig.11, are separated by constant intervals, similar to the deformed high Cr(l11) oxide
coating, suggesting electron transfer controlled disbondment. The delamination distance
for 0% strain low Cr (I11) oxide coating was greater than 20% strain high Cr (111) oxide
coating, over 24 hours from initiation, with an increase of 1200um. Plots of delamination
distance vs time (Fig.12) show more significant differences between 0% and 5% strain,
compared to the 5% increases between the three deformed low Cr (I11) oxide samples. The
cathodic disbondment distances remain within 750 pum, compared to the 1400 um distance
between 0% and 5% strain. The cathodic dibondment results discussed for the low Cr (l11)
oxide coating, suggest that once the coating has cracked at 5% strain, any further increase
in deformation has a reduced effect. The time taken for the high Cr (I11) oxide coatings to
initiate delamination of the PVB layer was much higher than of the low Cr (I11) oxide

coatings (Table 3).

An increase in delamination rates is seen for increased deformation levels for both low
(4mg/m?) and high (19mg/m?) Cr(lll) oxide coatings. However, ECCS shows no
delamination of the PVB overcoat up to 20% uniaxial strain. Potentials at the intact
interface are much higher for Cr(l11) based coatings than for ECCS, which is an indication
for the oxygen reduction reaction (ORR) reactivity on the surface [22]. The images of the



three samples, deformed to different levels of strain, show increases in surface cracking for
both Cr(I11) based coating samples but not ECCS. The increase in cracking is suggested to
be caused by the presence of chromium oxide and chromium carbide in the chromium
metal layer, reducing the barrier properties of the Cr(lll) based coating. Therefore, a
relationship can be proposed between deformation induced cracking and cathodic
disbondment of a polymer overcoat for coatings of identical composition. Delamination
has been shown to increase on Cr(I11) coatings with the equivalent chromium oxide levels,
as the percentage of strain increases. The studies completed suggests that higher Cr(I11I)
oxide levels reduce the rate of delamination for undeformed and deformed Cr(I1l) based
coating. Chromium oxide behaves like an electrical insulator due to its wide-bandgap
semiconductor properties. It is determined that chromium oxide would alter the rate-
determining step of cathodic disbondment by decreasing the rate of electron transfer across
the surface of the coating [23, 24]. Studies completed by Boelen del [14]. report a reduction
in underfilm corrosion and blistering of PET coated ECCS DRD cans with increased
chromium oxide levels. The effect of chromium oxide levels on reducing cathodic

disbondment rates remains present post uniaxial deformation of the coating.

Table 3. Initiation times of PVB film cathodic disbondment on Cr(111) based coatings.

Sample Initiation Time (mins)
High Cr(lll) oxide (19mg/m?) Cr(lll) | 5040

coating 10% Strain
High Cr(Ill) oxide (19mg/m2) Cr(Ill) | 5100
coating 20% Strain
Low Cr(lll) oxide (4mg/m?) Cr(Ill) | 2800
coating 0% Strain
Low Cr(lll) oxide (4mg/m?) Cr(Ill) | 3180

coating 5% Strain




Low Cr(lll) oxide (4mg/m?) Cr(Ill) | 3600
coating 10% Strain
Low Cr(lll) oxide (4mg/m?) Cr(lIl) | 3000
coating 20% Strain

3.3 Hydrogen Evolution

Potentiodynamic scans on ECCS and Cr(l11) coating samples were conducted in a sodium
sulphate solution, buffered to pH 9.3 at 20°C. Deareated conditions were used to suppress
the oxygen reduction reaction and measure the true, current value for hydrogen evolution.
Fig.13 shows current density values recorded at a potential of -1.1V vs SHE. The potential
chosen was in the cathodic hydrogen evolution region [27]. When the strain percentage is
increased for ECCS samples, the cathodic current density value does not increase with
deformation. The values remain between -2.80E-05 and -3.41E-05 A.cm. The result
indicates the coating remains intact post strain. Due to the electrochemical availability of
iron compared to chromium, a defect in the coating exposing the underlying steel substrate
would produce higher cathodic current value for hydrogen evolution.

The hydrogen evolution cathodic current values increased with strain for both high and low
Cr(I11) oxide Cr(l11) coatings. Deformed high Cr(l111) oxide samples increased gradually
from -1.10E-05 to -1.13E-03 A.cm™ as the strain percentage increased. Cracking can be
observed on Fig.5-6., which suggests as the samples are deformed to a higher degree, the
electrochemical availability of the iron increases. The low Cr(l11) oxide coating shows the
same trend as high Cr(lll) oxide coating, however to a greater extent, with the sample
deformed to 20% strain, producing a value of -3.81E-03 A.cm™. It is proposed that the
Cr(111) oxide levels suppress the cathodic hydrogen evolution reaction, even when the
coating is defected by deformation and exposure of the substrate occurs. A thicker oxide
layer should cause a more brittle behavior and hence intuitively more cracking and more
exposed Fe. This however has shown not to be the case, as seen in Fig.13. Thus it would
seem that, over the range of thicknesses studied, iron exposure on deformation is not

strongly dependent on Cr(111) oxide thickness.



Tafel slopes for the hydrogen evolution reaction for Fe and low (4mg/m?) Cr(l11) oxide
coating, with 0% and 20% applied uniaxial strain are shown in Fig 14. The Tafel slopes
values are shown in Table 4. for all samples. A mechanistic hydrogen evolution reaction
occurs in the following steps [25]:

1. H3O*+e-+ M-~ M-H + H0 (Volmer reaction)
Followed by

2. HO" +e-+M--H~M + Hz + H20 (Heyrovsky reaction)
Or
3. 2M-H ~ 2M + Hz (Tafel reaction)

The results of ECCS and Cr(l11) based coatings do not follow this theory where the rate
determining step is VVolmer, Heyrovsky or Tafel reactions. This is due to the coatings
having a layer of chromium oxide present on the surface, producing a non-mechanistic
Tafel slope. The Cr oxide layer on ECCS and the Cr(l1l) coatings results in higher Tafel
slope values of between -281mV/dec to -490mV/dec, compared to a typical hydrogen
evolution reaction at 120mV/dec, where the electrons exchanged is equal to 1, assuming
the charge transfer coefficient is 0.5. [24,25]. A drop in Tafel slope values due to the
removal of an oxide film has been studied and explained by Azzerri [24], where studies
obtained a Tafel slope value of -260mv/dec for chromium coated tin-free steel (TFS),
similar to the measured -286 mv/dec for non-deformed ECCS . The dual barrier model
developed by Meyer has been utilised to explain the effects a thin oxide layer has on the
hydrogen evolution reaction Kinetics [25,28]. Meyer explains that two barriers are

kinetically significant for oxide covered metals.

)] The Helmholtz double layer must be overcome by the charge carriers, Hz0*

i) A potential energy barrier within the oxide must be negotiated by the electrons
from the metal surface, to reach the interface between the oxide and solution,
where neutralization of the charge carriers Hz0" and e” occurs.

[27]



Azzerri [25] concluded that for chromium coated steels in deaerated, the mechanism could
be based on Langmuir adsorption of hydrogen atoms, with the rate determining step as

electrochemical desorption and the dual barrier model.

The Tafel slope result for Fe in a sodium sulphate solution, buffered to pH 9.3, was -146
mv/dec. Studies by Maria R. Gennero de Chialvo and Abel C. Chialvo [29] recorded a
similar result of -133.2 mv/dec in alkaline conditions.

The cause for the increase in measured hydrogen evolution current density on Cr(111) based
coatings, when the strain is increased, is suggested to be caused by an increase in the
availability of iron. It is proposed that the increase in hydrogen evolution levels can be
related to an increase in the exposure of iron caused subjecting the samples to higher levels
of uniaxial deformation. At 20% elongation, both high and low Cr(l11) oxide coatings show
a change in Tafel slope values in the direction of the measured Tafel slope value for Fe. It
IS not possible to estimate oxygen reduction current densities directly from the observed
hydrogen evolution current densities. However, it is reasonable to assume that both
hydrogen evolution and oxygen reduction will occur on the surface of the steel substrate
where it is exposed through cracks in the Cr(l11) coating. As such, the observed hydrogen
evolution current is a measure of the fraction of the sample surface which is
electrochemically available to support cathodic activity (whether that is cathodic hydrogen
evolution or oxygen reduction). Increasing coating wt% might reasonably be expected to
decrease cathodic activity and delamination rates in undeformed samples. However, it is
less obvious that increased coating wt% would make the coatings more resistant to cracking
on deformation. All else being equal thicker coatings would tend to be more rigid and so

more likely to crack under straining.



Sample Uniaxial Elongation % Cathodic Tafel
slope,
mv/decade
Fe 0 -146
Low Cr(Ill) oxide (4mg/m?) | 0 -490
Cr(I1) coating 5 -436
10 -442
20 -302
High Cr(I11) oxide (19mg/m?) | 0 -470
Cr(111) coating 5 -459
10 -442
20 -360
ECCS 0 -286
5 -281
10 -292
20 -288

Table
4
Values
of the

experimental kinetic for ECCS, Cr(l1l) coatings and Fe in 0.5M Na2S04 buffered to pH

9.3



4. Conclusion

A study of corrosion and surface morphology was completed on coatings from Cr(VI)
(ECCS) and Cr(lll) based electrolyte baths. Two Cr(lll) based coatings were used,
containing different levels of Cr(111) oxides, 4mg/m? and 19mg/m?.

The ECCS coating was fully resistant to corrosion driven disbondment in non-deformed
and deformed states. At all strain percentages, no cathodic disbondment occurred, along
with no changes in hydrogen evolution current density values. SEM images taken of the
surface at varying levels of deformation, illustrated no cracking of the surface, suggesting

a ductile coating.

High (19mg/m2) levels of Cr (111) oxide, observed cathodic driven disbondment of the PET
coating post-deformation. The delamination rates increased when the strain applied was
raised over 10%. Both 0% and 5% strain samples remained resistant to disbondment. Low
(4mg/m2) levels of Cr(l1l) oxide, showed cathodic disbondment for non-deformed and
deformed coatings. Higher disbondment rates are observed from 0% to 5% strain compared
to TH; however, further deformation does not increase the rate at the same factor. The
kinetics of the delamination measured were found to be electron transfer controlled due to
the linear nature of the cathodic delamination rates. It is proposed that difference in PVB
disbondment for both Cr(111) based coatings is due to the reduced electron transfer rates
across the surface with increased chromium oxide levels, due to its semiconductor
properties. Scanning electron microscope (SEM) studies found an increase in surface
cracking when the strain applied was increased for both Cr(111) based coating samples.
Measured hydrogen evolution rates for varying strain percentages, showed an increase in
the cathodic current density values as the strain percentage increased for Cr(l1l) based
coatings. Higher cathodic values of current density for hydrogen evolution were observed

for the low Cr(l11) oxide (4mg/m?) samples in non-deformed and deformed states.

An argument is presented that deformation influences the corrosion performance of Cr(l11)
based coatings. Previous studies have shown comparable results between ECCS and Cr(l11)

coatings, however post straining Cr(111) coatings behaves in a way which is significantly



different from what has previously been observed for ECCS like coatings [1-2,9-10]. Itis
proposed that the increase in hydrogen evolution levels can be related to an increase in the
exposure of iron due to the cracking formations found on the surface of identical Cr(lllI)
coatings. The cracking shown on the surface of the chromium coated steel is suggested to
cause the increase in cathodic disbondment rates found during the SKP investigations.
Cracking of the surface and exposure of iron is suggested to allow for a continuous cathodic
front, causing ingress of electrolyte underneath the PVB model coating. Higher Cr oxide
levels are suggested to suppress both cathodic driven disbondment and the hydrogen

evolution reaction, even when the coating has deformation induced defects.
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