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Figure 5.26 AC SECM images of AZNd surface treated by (a&b) 20BL PTC, (c&d)
40BL PTC and (e&f) Pr conversion film then 20BL PTC, prior to and after 2 hr
immersion in SBF. Images a, ¢ and e were acquired before contact with SBF and
images b, d and f were acquired after 2 hr immersion in SBF. Measurements were
made in dilute SBF using a 25 pum Pt UME as SECM probe. AC scans were
performed with £200 mV AC excitation amplitude applied to the tip at 1 kHz and 5

pm tip-to-substrate distance.
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Further insight into the protection mechanism afforded by PTC layer was obtained
by measuring conductivity of surfaces after treatment using SECM approach curves
in AC mode. Figures 5.27a-c present AC approach curve results for AZNd surface
treated with 20BL PTC (5.27a), 40BL PTC (5.27b) and Pr conversion film then
20BL PTC (5.27d). It is evident from Figures 5.27a and 5.27b that increasing the
number of BLs in PTC coating enhances the conductivity of coating. This is
observed as negative feedback at low frequencies (e.g. 4kHz and 8kHz) for the 40BL
PTC coating while positive feedback was observed at these frequencies for the PTC
coating with 20BL. In the case of combined Pr conversion film then 20BL PTC
coating, strong positive feedback is observed, Figure 5.27c, indicating dominant
insulating characteristics of the surface comparable with the insulating
characteristics of Pr conversion coated AZNd as exhibited in Figure 5.12. It is
hypothesized that the insulating layer of PrOx in between the conducting PTC
coating and AZNd surface interrupts any electrical connection between the PTC and
AZNd while the thin PTC coating alone does not have required conductivity

characteristics to carry the AC signal.

There are a number of mechanisms proposed in the literature as the mechanism by
which the conducting polymer coatings may protect active metal from corrosion
[74]. Altering the corrosion potential, creating a diffusion limiting electro-magnetic
field, barrier protection and gradual release of dopant to act as corrosion inhibitor are
the main suggested mechanisms [75,76]. Since the PTC coating used in this study
does not contain a dopant that can be released and act as corrosion inhibitor, the last
mechanism cannot be responsible for corrosion protection afforded by the PTC
coating. Also as evident from approach curve results, Figure 5.27, there is no
electrical connection between the PTC coating and AZNd surface which is the
necessary condition for mechanisms based on altering the corrosion potential and
creating a diffusion limiting electro-magnetic field. Therefore, it is concluded that
barrier action is the mechanism responsible for the corrosion protection afforded by
the PTC coating.
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Figure 5.27 AC (impedance) approach curves on AZNd with (a) 20 BLs of PTC, (b)
40 BLs of PTC and (c) Pr conversion coating then 20 BLs of PTC deposited on the
surface. Approach curves were obtained in dilute SBF using a 25 um Pt UME as
SECM probe with applied AC excitation amplitude of £ 200 mV starting from a tip-
to-substrate distance of 75 pum.

5.4 Conclusion

Morphological and elemental analysis of the surface layer after formation of Pr
conversion coating in 0.2 M Pr(NO3); solution revealed formation of a porous layer
of Pr,03 on the AZNd Mg alloy with a lack of consistency over ceratin secondary

phases and/or intermetallic particles.

AC-SECM results showed that Pr treatment using nitrate salt solution results in
formation of an inconsistent PrOx conversion layer on the AZNd Mg alloy with a
variation of insulating properties across the surface. Sensing H; evolution by means
of SECM in SG/TC mode was used as a method of examining the corrosion behavior
of Mg and obtaining comparative measures of corrosion rate between a non-treated
and a Pr treated Mg surface. It was shown that corrosion resistance of AZNd during
a short term immersion in SBF is improved by Pr treatment. However, it was
observed that some insulating domains of the PrOx film broke down after 2h

immersion and showed higher H, evolution activity.

It is postulated that Pr conversion film does not have self-healing characteristics as
the oxide layer breaks down in a corrosive environment in the absence of active Pr
compounds. However, such conversion film showed significant corrosion protection
properties when compared with non-treated plain Mg surface. Also it was shown that
Pr(NOg)s serves as an active corrosion inhibitor for Mg when it is present in the
environment. It was exhibited that defective areas of Pr conversion coating can be
replenished if active inhibitor is present in the environment which produces a self-

healing protective layer with effective and dynamic protection against corrosion.
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It was shown that the conducting polymer based on polythiophene/PEI composite
holds promise as a degradable biocompatible protective layer for temporary
corrosion protection. Corrosion resistance was significantly improved when
conducting polymer was applied on Pr treated AZNd surface. This implies that the
conducting polymer may afford protection by serving as a barrier layer rather than
altering the corrosion potential or creating a diffusion limiting electro-magnetic field.
The latter two mechanisms require electrical connection between conducting
polymer and metal substrate which in this case was lost due to the insulating layer of
PrOx pre-treatment between AZNd and PTC film.
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The major findings of this study are reviewed in the first part of this chapter. In a
nutshell, this thesis focused on developing SECM as a tool for studying corrosion of
magnesium alloys in a simulated biological environment. Novel advancements that have
been made in this area throughout this PhD will be discussed. Also case studies that
have been conducted using the new developed method will be summarized. In the
second part of this chapter suggestions are made for the future work and potentially
valuable advancements in the area of implementation of SECM for studying corrosion
of bio-materials as well as ways for corrosion control of active metals in a biological

environment.

6.1 Major remarks

Capabilities of SECM were exploited for examining corrosion of Mg alloys in a
buffered simulated biological solution. SECM in feedback mode was implemented for
initial assessment of the Mg surface in SBF and to provide a baseline for the subsequent
imaging modes of SECM. It is noteworthy that SECM technique was first developed
(By Prof AJ. Bard) [1,2] through observation of feedback effect with electron redox
mediators and this mode of operation is relatively well established and standardized.
Consequently, other modes of SECM operation including AC-SECM, potentiometric
and surface generation/tip collection were explored to gain further insight into the

localized corrosion process on the surface of Mg.

The major contribution in the development of AC-SECM for corrosion studies have
been made by Prof Wolfgang [3-7] and his co-workers at Ruhr University (Germany)
in the past 10 years and also by Prof. Ricardo and his co-workers [8-12] (Spain) in more
recent years. The AC-SECM results presented in this thesis is, in principle,
implementation of the technique developed by Schuhmann and Souto in a new
application which is measuring impedance measurement at the surface of Mg. In

general, the AC-SECM results confirmed the results of feedback mode operation
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showing relatively conductive and insulating domains at the locations where it was
indicated earlier by the feedback mode imaging. AC-SECM at high frequency was used
as an indication of solution resistance which then showed higher conductivity of
solution at the domains of surface with more active/conductive characteristics. This was
to be expected because hypothetically dissolution of Mg takes place at anodic areas with

no insulating surface layer and this increases ionic content of solution at those areas.

Potentiometric mode of SECM was employed to measure the local pH near the surface
of corroding Mg in the solution. Solid state pH sensing iridium/iridium oxide
microelectrodes were fabricated for this purpose and calibration curves were produced
in SBF with added HCI or NaOH to alter pH to specific values. Potentiometric SECM
measurements revealed that the near surface pH can increase to as high as 12 at the
active corrosion spots. This explained the passivation mechanism of Mg in simulated
biological solution where species such as calcium phosphate precipitate at alkaline pH
and form an inert layer on the surface of Mg. Also by superimposing results from
potentiometric mode of SECM and other data (e.g. feedback and AC) higher pH was
observed at the active corrosion/dissolution sites. This is a significant observation
proving that either anodic dissolution of Mg involves H, evolution (and alkaline
production) or active anodic and cathodic areas are very close on the surface of Mg with
an emphasis on the existence of micro-galvanic cells. Micro-galvanic corrosion cells

were described in the first chapter of this thesis.

The major contribution of this work is perhaps introducing a new method for local
detection of H, on a solid surface using SECM in surface generation/tip collection
(SG/TC) mode. During the early stages of this work, unusual SECM images were
acquired that should not have been observed given the redox mediator and the bias
potential of the tip that were used in those experiments. Consequently experiments were
repeated without the use of redox mediator and yet similar results were obtained. It was
first suspected that Mg* is finally being discovered/detected through an oxidation
reaction at the SECM tip to Mg?* but then soon it was realized that tip potential required

for such reaction is beyond the oxidation potential of water and therefore it could not be
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Mg" that was being oxidized at the tip. Further control experiments on an inert (i.e. Pt)
substrate and in a range of buffered and unbuffered solution revealed that H; is the
specie that is electro-oxidized at the tip and therefore it can be detected at the surface of
Mg during corrosion in SG/TC mode of SECM. The early results were presented at the
Corrosion and Protection conference in 2012 Melbourne, Australia [13] and then
followed up by publications in the top scientific journals of the field [14-16].

Immediate implication of SECM results in SG/TC mode was that H, evolution occurs
primarily at the active corrosion sites where the surface impedance is low (conductive
surface) and the pH is high. This rules out the corrosion mechanism by anodic
dissolution at independent sites far from cathodic sites that produces local acidic pH at
anodic sites by water hydrolysis of Mg cations as suggested in some literature. Also this
provides further support for the micro-galvanic cell mechanism or the unipositive Mg
cation theory because it again shows that H, which is believed to be a bi-product of
cathodic reaction is mainly detected at the anodic sites. The author is aware of an
ongoing debate regarding the very existence of Mg* species and its role in the corrosion
of Mg. So far there have been numerous publications in the favour [17-21] and also
against [22-27] the idea of Mg" idea mainly from Prof A. Atrens group (University of
Queensland) in the favour of Mg" and Prof G. Frankel (Ohio State University) against it.
The author has been fortunate to discuss the matter also in person with these scientists
and it appears as so there is so far no hard evidence to prove the existence of Mg nor to
reject it. The experimental work and conclusion presented in this thesis does not rely on
this theory and also it does not support either of these theories in particular as the close
proximity of H, evolution sites and anodic areas can also be explained by the micro-

galvanic cells with size smaller than it could be resolved by the SECM imaging.

SECM in these four modes operation (feedback, AC, potentiometric and SG/TC) turned
into a powerful tool to study the corrosion behaviour of Mg and effectiveness of surface
treatments for protection of metal against corrosion. In chapter 4 of this thesis, SECM in
combination with other electrochemical and analytical techniques was employed to look

at the effect of protein on corrosion of AZ31 Mg alloy in SBF. It was shown that protein
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(i.e. albumin) forms a resistive layer on the surface of Mg in the early stages of contact
with metal resulting in lowering the corrosion rate. However in the long term it renders
the surface more anodic with highly stabilized anodic/cathodic areas which in theory
would result in severe localized corrosion damage. In the context of load bearing
biodegradable implants it is very important that mechanical integrity of the structure is
kept intact and degradation to occur uniformly to avoid premature failure of the implant.
Therefore it was concluded that presence of protein will promote localized corrosion
which is detrimental to structural integrity of Mg. It remains unclear whether long term
increase in the corrosion rate in presence of protein is due to the formation of a thinner
and/or more porous film or because of enhanced removal of corrosion product in the
presence of protein. The latter mechanism has been described in the literature by

chelation tendency of albumin with metal ions.

In chapter 5 of this thesis two type of surface treatments by praseodymium conversion
coating and a biodegradable conducting polymer were investigated for corrosion
protection of Mg in SBF. Protection mechanism of Pr®* in dissociated form in solution
was elucidated with the aid of SECM. It was shown that Pr oxide conversion coating is
an inert and stable layer with insulating characteristics that does not possess self-healing
ability while presence of Pr** cation in the solution can replenish the defect in the
protective layer and provide a high level of corrosion protection. These results were
presented at the 19" International Corrosion Congress in Jeju, Korea 2014 [28]. Similar
to other rare earth based corrosion inhibitors, praseodymium is a cathodic inhibitor that
passivates cathodic areas of the metal surface by formation of an insulating layer.
Measuring pH in potentiometric mode of SECM, it was revealed that alkaline pH at the
active corrosion sites plays a major part in deposition of passive Pr oxide film. Second
surface treatment studied in chapter 5 was a polythiophene based composite that was
deposited on the Mg surface using a layer-by-layer deposition method. It was shown that
increasing the number of layers of coating increases the conductivity of film as well as
corrosion protection afforded by the surface treatment. Eventually, the conductive
polymer coating was combined with the Pr oxide conversion coating as a second coat on

top of conversion coating and corrosion behaviour was examined using SECM. A
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significant reduction in corrosion was observed which is believed to be due to the
passivation by the Pr oxide conversion coating and further barrier protection obtained by
the conductive polymer film. Regarding the mechanism by which the conducting
polymer afforded corrosion protection, mechanisms based on altering the corrosion
potential and creating a diffusion limiting electro-magnetic field were ruled out as these
mechanisms required electrical coupling between the conductive polymer and metal

surface while in presence of Pr oxide tie layer such connectivity was lost.
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