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The origin of non-uniform surface electrochemical
potentials on the Delhi iron pillar has been addressed
based on modern electrochemical theory of passiva-
tion. Surface potentials have been related to the dif-
ferences in thickness and nature of the protective
passive film on the exposed surface of the pillar. The
most protective passive scale is present in the upper
region of the pillar.

THE corrosion-resistant Delhi iron pillar has been attract-
ing the attention of archaeologists, scientists, engineers and
scholars for well over two centuries, eager to unravel the
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many hidden mysteries of the pillar'. Several new insights
on the Delhi iron pillar have been obtained recently’. The
excellent atmospheric corrosion resistance of the pillar
has been attributed to the formation of a protective passive
film on the surface. The nature of this protective passive
film has been elucidated® by analysing the undisturbed
rust of the pillar utilizing modern characterization
methods*. The process of protective film-formation under
atmospheric exposure conditions has also been explained’.
The protective passive film mechanism of corrosion resis-
tance of the Delhi iron pillar has been recently questioned
in the press, wherein it was quoted that surface electro-
chemical potentials measured on the pillar revealed diffe-
rences’. The direct relevance of surface electrochemical
potentials (measured in aqueous solutions) to atmosphe-
ric corrosion is not evident because alternate wetting and
drying cycles are involved in atmospheric corrosion.
Moreover, it is now well established that the nature and
rates of electrochemical (anodic and cathodic) reactions
that occur during atmospheric corrosion vary signifi-
cantly during the course of each wetting and drying
cycle®. Nevertheless, the development of non-uniform
surface electrochemical potentials on the Delhi iron pillar
does not negate the protective passive film mechanism of
corrosion resistance of the pillar. The present communi-
cation will explore the origin of non-uniform surface ele-
ctrochemical potentials utilizing modern electrochemical
theory of passivation.

Passivity of metals has been a subject of significant
research. The nature of the passive films that form on a
wide variety of materials has been explored utilizing
special electrochemical characterization techniques like
impedance spectroscopy’. The mechanism of passive
film-formation can be understood by modern electro-
chemical theory, with the aid of polarization diagrams.
The polarization diagram is a plot between the potential
(i.e. the thermodynamic axis) and current density (i.e. the
kinetic axis). The changes in the current density as a func-
tion of polarization (i.e. deviation of potentials away from
equilibrium) are represented in these polarization dia-
grams, and several processes related to corrosion (and
electrochemistry) can be easily understood utilizing these
diagrams. The anodic polarization diagram for a metal
exhibiting passivity (i.e. condition of corrosion resistance
due to formation of an adherent non-dissolving passive
film on anodic polarization under oxidizing conditions) is
schematically depicted in Figure 1. It must be remembe-
red that experiments have to be performed by controlling
the potential and measuring the current (i.e. either poten-
tiostatically or potentiodynamically) rather than vice versa,
in order to understand the passivation phenomenon®. In
the discussion below, it is emphasized that a freshly pre-
pared (and not oxide or surface-film covered) surface is
exposed to the aqueous environment and the anodic pola-
rization is begun immediately on immersion. At the equi-
librium reversible potential of the metal (£.,), the ex-
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change current density (i,) depicts the rate of the forward
reaction (i.e. corrosion) being equal to the rate of the re-
verse reaction (i.e. reduction). On anodically polarizing
the material, thermodynamic conditions for the formation
of a stable surface film are established at point A (Figure
1). Surface film is meant here in the general sense, without
specifying the exact nature of the film. This is because the
nature of the surface film that results in passivity could
be the corrosion product layer, oxide/oxyhydroxide film,
adsorbed oxygen or adsorbed ions’”. Different mechani-
sms operate in different alloy systems’. On further ano-
dically polarizing the material, the passive film nucleates
on the surface from point B onwards and this indicates
the potential for initiation of passivity (£j,). The location
of the points A and B with respect to E., depends upon
the alloy system'®'®. On further increasing the potential,
the film starts covering the surface laterally and at optimum
coverage, the critical current density (i.;) is achieved (point
C), corresponding to which the primary passivation pote-
ntial (£,;) is defined. On further anodic polarization
beyond £, the surface passive film completely covers
the surface and the current density decreases with incre-
asing anodic polarization until the point D, when the pas-
sive film completely covers the surface. The potential
corresponding to point D is referred to as the potential for
complete passivation (£,,). On polarizing past this poten-
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Figure 1. Schematic anodic polarization diagram for an active—pas-

sive metal illustrating important passivity parameters. It is assumed
that the surface of the metal was freshly prepared and the anodic pola-
rization begun immediately on immersion.
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tial, the current density remains constant with increasing
potential in the passive range (Figure 1). This is the region
that has to be viewed carefully in order to understand the
non-uniform surface electrochemical potentials obtained
on the Delhi iron pillar. On further anodically polarizing
the material, several reactions can lead to the destruction
of passivity (i.e. indicated by increasing current density
with increasing potential). Some of these processes are
oxygen evolution, transpassive dissolution due to conver-
sion of the passive film-forming ion to a higher oxidation
state, pitting caused by destabilization of the passive film
due to the presence of halide ions or changes in the nature
of the passive film (for example anodizing, wherein there
is a change in porosity of the passive film).

In the passive region, the current density remains con-
stant with increasing anodic polarization, which is due to
thickening of the passive film'’. It is important to note
the fine dimensions of the passive film’. The current den-
sity remains constant over a significant range of potential
in the passive range, and this is called the passive current
density (iya). The passive current density is dictated by
the constant rate of dissolution of the metal ions into the
electrolyte from the passive film surface. Thickening of the
film accommodates the increasing anodic positive poten-
tials in the passive range. In case the potential is held
constant in the passive range after the formation of the
passive film, the current density decreases with time'’.
This has generally been modelled by logarithmic growth
kinetics”'”. Therefore, the time factor is also an impor-
tant consideration while discussing passivation. An exa-
mple of the same is shown in Figure 2 for Dhar iron
pillar. The potentiodynamic polarization curve for iron in
a borate-buffered solution of pH 8.4 is presented in
Figure 2 a. The borate-buffered solution was chosen
because the pH of rust is alkaline. In a separate experi-
ment, the sample was polarized beyond the critical cur-
rent density to a potential of + 250 mV vs SCE in the
passive region and the current density was followed as a
function of time at this fixed potential (Figure 2 b). The
decreasing current density with time indicates growth of
passive film on the surface, and the passive film growth
kinetics can be modelled utilizing such data.

The development of free corrosion potentials needs to
be addressed. Modern electrochemical theory states that
equilibrium corrosion condition is obtained when the net
cathodic rate is equal to the net anodic rate. Practically,
this implies that the free corrosion potential will be estab-
lished at the potential where the cathodic polarization
curve (i.e. of the cathodic reaction) intersects the anodic
polarization curve. The rate of the anodic reaction is
therefore directly related to the rate of chemical reduction
reaction(s) at cathodic areas. The cathodic reaction in

deaerated solutions is hydrogen-evolution, given by
2H" +2e¢ — H, (acidic) (1)
2H,0 +2e — H, + 20H™ (neutral or alkaline) (2)
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The hydrogen-evolution reaction proceeds rapidly in
acids, but slowly in alkaline or neutral media. The corro-
sion rate of ancient Indian irons in aqueous conditions,
especially when a protective passive film does not cover
the surface, is much higher than mild steel of similar
composition because of the presence of entrapped slag
inclusions'®2°. Dissolved oxygen in the electrolyte takes
part in the cathodic reaction in accordance with one of
the following reactions:

4H + 0, + 4e = 2H,0 (acidic) 3
0,+2H +4e — 20H  (neutral/alkaline) @)
2H,0 + O, + 4¢ - 40H" (alkaline) &)

Dissolved oxygen reacts with hydrogen/water adsorbed at
random on the iron surface, independent of the presence
or absence of impurities in the metal. Therefore, the oxi-
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Figure 2. Dhar iron pillar sample. &, Potentiodynamic polarization curve

in a borate-buffered solution, pH 8.4; and b, Variation of passive current
density with time after the sample was polarized to and maintained at a
potential of + 250 mV vs SCE in the passive range.
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dation reaction proceeds as rapidly as oxygen reaches the
metal surface.

The corrosion or rusting of iron in the atmosphere occurs
by the well-known reaction®

2Fe + H,0 + '/, 0, — 2FeOOH (6)

The atmospheric corrosion process is electrochemical in
nature. The above reaction can be conveniently conside-
red as partial oxidation (anodic) and reduction (cathodic)
reactions. Metal dissolution is the anodic partial reaction.
The dominant cathodic reaction is, of course, the reduction
of oxygen, eq. (4), while the hydrogen reduction, eq. (1),
may also occur. As the electrolyte on the surface of iron-
based materials is well buffered in the neutral and alka-
line range under atmospheric corrosion condition, the rate
of hydrogen reduction is generally much lower than the
rate of oxygen reduction. A third type of cathodic reac-
tion, provided below, must also be considered in the atmos-

pheric corrosion of iron®?':

8FeOOH + Fe™ + 2¢ — 3Fe;0, + 4H,0 (7)

The above reduction reaction becomes important during
atmospheric wetting-and-drying cycles, when the oxygen
reduction rate is limited by the presence of a thick elec-
trolyte layer on the surface.

The oxygen reduction reaction will be considered to illu-
strate the development of free corrosion potential (FCP)
or mixed potential under atmospheric corrosion condi-
tions. The cathodic polarization curve corresponding to
oxygen reduction reaction can intersect the anodic polari-
zation curve at different locations and, based on this, diffe-
rent conditions of passivity (stable or unstable) or active
behaviour can be realized®*. Three possible situations
are depicted in Figure 3. In Figure 3 a, the cathodic pola-
rization curve intersects the anodic curve in the active
region and the FCP is established at the potential corres-
ponding to the intersection of both these curves. The metal
corrodes in the active state. In practical cases, this situa-
tion generally depicts corrosion of fresh surface of iron,
free from any surface film. The experimental polarization
diagram presented in Figure 2 a represents this condition,
because the potentiodynamic polarization scan was begun
immediately after immersion of the polished sample. In
case the anodic polarization curve intersects the cathodic
polarization curve only in the passive region, then the
FCP would be established in the passive region. This is
the condition of stable passivity (Figure 3 b). When the
cathodic polarization curve intersects the anodic polariza-
tion curve as shown in Figure 3 ¢, there are three poten-
tials at which the anodic and cathodic current densities
are equal. The FCP that the material will achieve depends
on its prior surface condition. In case a fresh surface is
exposed without any film present, then the FCP would
establish in the active region, whereas if there were a pre-
existing passive film, the FCP would establish in the
passive region. The schematic depicted in Figure 3 c is
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indicative of unstable passivity and the experimental
polarization diagram for this situation would show the
existence of a cathodic loop®. The above discussion esta-
blishes that surface electrochemical potential depends
upon the nature of the surfaces as well as the cathodic
reaction kinetics.

In order to understand the electrochemical behaviour
of Delhi iron pillar surfaces, it would have been ideal to
experiment on samples obtained from the pillar. How-
ever, as such samples are not available, electrochemical
polarization studies were conducted on a corrosion-resi-
stant Gupta-period iron. The iron was obtained in the form of
a clamp from the Deogarh temple, which has been conser-
vatively dated to about AD 600 (ref. 23). A portion of the
iron clamp was sectioned with a diamond blade. Anodic
polarization curves were obtained for the iron surface
under two different conditions. The adherent rust scale was
removed from two sample surfaces, while retaining the scale
on two other surfaces. The potentiodynamic polarization
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Figure 3. Schematic illustration outlining the theoretical aspects

governing the development of experimental polarization diagrams.
a, Active behaviour; b, Stable and ¢, Unstable passive behaviour.
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experiments were conducted in freely aerated double-
distilled water containing 0.001 M Na,SO,. Double-dis-
tilled water simulates moisture condensation during
atmospheric exposure and the small amount of salt aids
electrolytic conductivity. The experimental results are
presented in Figure 4. The FCP was established in the
passive region for both the samples that had their surface
scales intact, whereas the two samples without surface scale
exhibited active corrosion. It is also important to note
that the passive ranges in the case of the rust-covered
samples were quite large. Minor differences in the nature
of the passive film at the two different locations can also
be discerned in the potentiodynamic polarization curves
of the rust-covered samples (Figure 4). In an analogous
manner, surface electrochemical potentials are expected
to be different at different locations on the Delhi iron pillar,
depending upon the nature of the surface. As shown in
this study on an iron sample taken from a Gupta-period
temple, the surface electrochemical potential of a rust-cove-
red surface would be nobler compared to rust-free surfaces.

The development of non-uniform surface electrochemi-
cal potential on protective passive-scale-covered surface
of the Delhi iron pillar must have its origins in the differ-
ing thickness of the protective passive film. The most
protective film will exhibit a large passive range and
noble FCP. In addition to the differing thickness, the nature
of the protective passive film at different locations is also
important, because differences in its nature would also
manifest as differences in measured FCPs and anodic
electrochemical polarization behaviour. The results of the
surface electrochemical potential study on the Delhi iron
pillar are not available. However, the nature of surface
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Figure 4. Potentiodynamic polarization results for Gupta-period iron

conducted in freely aerated double-distilled water containing 0.001 M
Na,S04. Results have been presented for two samples with an adherent
rust layer present on the surface and for two other samples without
adherent rust.
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potentials can be predicted based on modern electro-
chemical theory and the available knowledge of the sur-
face of the pillar’. The most noble potentials will be
obtained in the upper regions of the pillar because this is
the location where the rust has been disturbed the least.
Complementarily, the measured passive ranges will be
quite large. On the other hand, the surface potentials
measured in the lower region of the pillar will be more
active compared to the potentials measured higher up in
the pillar. Lower passive ranges are also anticipated in
the lower regions of the pillar. Human-contact activities
are the main cause of differing nature of surface-pro-
tective passive film. The lower regions of the pillar were
in contact with humans before the Archaeological Survey
of India constructed an iron grill cage in 1997, in order to
prevent people from damaging the pillar (see cover page
of Current Science 25 December 1997). In fact, the pillar
used to be swarmed with people trying to clasp their
hands around it, with their backs on the pillar, in the
belief that accomplishment of such a task would bestow
luck. The protective passive film is, therefore, much
thinner on the pillar surface till about 8 ft from the
ground level, due to the constant polishing action by the
visiting public. The recent greasing of the pillar at several
locations and its subsequent removal, after reports of the
same appeared in the press™, would also have addition-
ally resulted in changes in the thickness and nature of the
protective film. In contrast to the locations in the bottom
regions, the nature of the protective passive film is rela-
tively undisturbed in the upper regions of the Delhi iron
pillar. This was precisely the reason for choosing rust sam-
ples from these locations for characterization purposes4.

In summary, the development of non-uniform surface
electrochemical potential on the Delhi iron pillar has been
addressed. This has been related to the differences in thick-
ness and nature of the protective passive film on the
exposed surface of the pillar. The most protective passive
scale is present in the upper region of the pillar.
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