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Abstract

Rust samples obtained from the region just below the decorative bell capital of the Delhi
iron pillar (DIP) have been analyzed by X-ray diffraction (XRD), Fourier transform
infrared spectroscopy (FTIR) and Mdssbauer spectroscopy. The identification of iron
hydrogen phosphate hydrate in the crystalline form by XRD was unambiguous. Very weak
diffraction from the oxyhydroxides/oxides of iron was observed indicating that these phases
are most likely to be present in the amorphous form in the rust. The present XRD analysis
of rust obtained from an inaccessible area of the DIP has also been compared with earlier
analyses of DIP rust obtained from regions accessible to the public. FTIR indicated that
the constituents of the scale were y-, a-, -FeOOH, Fe;_,04 and phosphate, and that the
scale was hydrated. The unambiguous identification of the iron oxides/oxyhydroxides in the
FTIR spectrum implied that they are present in the amorphous state, as XRD did not
reveal these phases. The FTIR results have also been compared with earlier FTIR
spectroscopic results of atmospheric rust formation. M&ssbauer spectroscopy indicated that
the rusts contained y-FeOOH, superparamagnetic a-FeOOH, 8-FeOOH and magnetite, all
in the amorphous form. The Méssbauer spectrum also confirmed that iron in the crystalline
iron hydrogen phosphate hydrate, whose presence was confirmed by XRD, was in the ferric
state indicating that it was a stable end corrosion product. © 2000 Elsevier Science Ltd. All
rights reserved.
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1. Introduction

The Delhi iron pillar (DIP) (Fig. 1) is a testimony to the high level of skill
achieved by the ancient Indian iron smiths in the extraction and processing of
iron. It has attracted the attention of archaeologists and corrosion technologists,
as it has withstood corrosion for nearly 1600 years. Several theories, which have
been proposed to explain its superior corrosion resistance, can be broadly
classified into two categories [1-3]: the environmental and the material theories.
The proponents of the environment theory state that the mild climate of Delhi is
responsible for the corrosion resistance of the (DIP), while on the other hand,
several investigators have stressed the importance of the material of construction
as the primary cause for its corrosion resistance. These theories have been
critically reviewed elsewhere [1-3]. The role of slag particles in enhancing the
passivity in the material has also been mentioned earlier [2,3]. The precise reason
for the corrosion resistance of the famous 1600-year-old DIP is not well
understood. In order to glean insights into the nature of the passive film that
forms on the DIP (which is responsible for its excellent resistance to atmospheric
corrosion [3]), a detailed characterization study of the undisturbed rust from the
region just below the decorative bell capital of the DIP was undertaken. The
characterization of rust samples by X-ray diffraction (XRD), Fourier transform
infrared spectroscopy (FTIR) and Médssbauer spectroscopy is the subject of the
present communication.

The reason for utilizing several different characterization techniques must be
emphasized. XRD analysis would provide information about phases that possess
long range order and not about amorphous phases. Therefore, XRD analysis
alone would not provide the complete picture of the rust’s nature, especially if it
contains amorphous matter. As several iron oxides/oxyhydroxides that form on
iron during atmospheric corrosion can be amorphous in nature, these phases
would not provide any diffraction peaks, and therefore, XRD is not the
characterization technique that will reveal the presence of these amorphous phases
in the rust. The characterization technique, which can reveal the different
allotropic modifications of iron oxides and oxyhydroxides even if they are
amorphous in nature, is FTIR. The results of FTIR coupled with that of Raman
spectroscopy (which provides complementary information) should provide
information about the various forms of iron oxides and oxyhydroxides present,
but they will not provide any information whether the phases are amorphous or
crystalline in nature, as both these techniques utilize radiation (infrared in FTIR
spectroscopy and visible in Raman spectroscopy) for determining the molecular
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vibration (due to bending and stretching of the bonds) between iron and oxygen
[4]. As the molecular vibration in all known iron oxides and hydroxides are well
characterized and available in the literature, comparison of the FTIR spectra from
the DIP rust with standards would provide the exact nature of the phases of iron
oxides and oxyhydroxides present. IR spectroscopy has been successfully utilized
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Fig. 1. The Delhi iron pillar before the construction of the iron grill cage around the stone platform.
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to identify iron oxide/oxyhydroxide phases under atmospheric corrosion [5,6] and
aqueous corrosion [7] conditions.

Moéssbauer spectroscopy can be used to obtain further insights on the structural
(i.e. amorphous or crystalline) and chemical aspects of the rusts. Mdssbauer
spectroscopy is a powerful tool to understand the amorphous versus crystallinity
controversy in the case of oxides/oxyhydroxides [8]. In case the phase that
constitutes the rust is crystalline, it would lead to alignment of magnetic fields in
the individual grains of the phase and provide a characteristic hyperfine splitting
with characteristic magnetic fields. For example, in the case of crystalline
magnetite, two sextets (10-line pattern) are to be expected in the Modssbauer
spectrum at ambient temperatures. However, in case this phase is amorphous, the
magnetic fields will not be aligned in the individual grains and this would result in
collapse of magnetic fields or as a result of which a doublet would be obtained
instead of a sextet [8—10]. A collapsed sextet would indicate the fine
nanocrystalline nature of magnetite. Therefore, Mdssbauer spectroscopy can be
advantageously utilized to probe the crystal nature (i.c. amorphous or crystalline)
of the phase. The use of Md&ssbauer spectroscopy for elucidation of the chemical
nature of corrosion products is also well established [8,11-13]. Another advantage
of utilizing Mdssbauer spectroscopy is that the asymmetry in any peak of central
doublet indicates the contribution due to some other species (phase). For example,
Fe>" ions show high positive value for isomer shift and quadrupole splitting
resulting in asymmetry in the central doublet in which a higher intense first peak
(from left) is obtained. The second peak of ferrous doublet will be in the more
positive region of the spectrum [14].

2. Experimental

Rust samples were collected using a plastic scraper from several different
locations in the region just below the decorative bell capital (Fig. 2(a)).
Observation of the same region, nearly a year after the samples were collected
(Fig. 2(b)), did not reveal any evidence for rust removal, thereby indicating that
the passive film is self-healing. This is the region where the rust layer on the
exposed surface of the pillar is maximum [15] and therefore, this allowed the
collection of a significant amount of rust suitable for characterization by several
techniques. Moreover, this is the region where the rust is the oldest as this portion
of the pillar is inaccessible to the public. A portion of the rust sample collected
from each location was first ground into fine powder and mounted in between two
thin polymer foils. A part of the same ground powder was also analyzed using
FTIR. The polymer foil containing the DIP rust was used for Mossbauer
spectroscopic analysis of the phases present.

The polymer foils were mounted in a diffractometer such that the flat foil was
placed horizontally and the incident beam could sample the specimen through the
whole range of 260 studied. Several diffraction patterns were obtained using Cu K,
radiation at different scan speeds and scanning angle steps. The present paper
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(a)

(b)

Fig. 2. (a) Location from below the decorative bell capital from where the rust samples were collected
and (b) same location photographed after nearly a year indicating that the rust is self-healing.
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reports the diffraction pattern taken at a scan rate of 3° per min (i.e. 0.05° per s),
with the scan being conducted between 260 = 10—-80° in steps of 0.05°.

A small portion of the rust was finely ground and then pressed (in vacuum) in
the form of a disc using spectroscopically pure dry KBr. The FTIR spectrum was
recorded at room temperature using a Nicolet Magna 750 Series 2, USA FTIR
system.

In order to study the rust by Mdssbauer spectroscopy, the polymer foils were
mounted on a sample holder of a Méssbauer spectrometer in transmission
geometry. The spectrometer controller model was S-600 of Austin Science
Associates, USA with linear motor of ASA, USA which was coupled with a
Norland Ortec Multichannel analyzer and proportional counter (Kr at 1 atm and
3% CO,) manufactured by Ranger Corporation, USA and these were used to
count the 144 KeV y-ray. The source used was 400 MBq *’Co source in
Palladium matrix (Amersham, UK). The Mdssbauer spectrum was recorded in a
fly back mode at room temperature in 1024 channels, which gives a single
spectrum. The Mossbauer data was fitted to Lorentzian approximation using mm/
sirus v.2.7 Mossbauer data handling program [16]. The Mossbauer parameters
reported are with respect to a-Fe standard.

3. Results and discussion
3.1. X-ray diffraction

3.1.1. Phase identification

The complete diffraction pattern obtained from the rust is presented in Fig. 3.
The results from the second rust sample were identical. The XRD data were
analyzed with the corrosion products of iron, phosphorus, lead, chromium, nickel,
copper, and tin using JCPDS diffraction files [17]. The JCPDS data of oxides and
oxyhydroxides of iron were compared carefully. The angles and the relative
intensities (after subtracting the background radiation) are provided in Table 1.
The peaks could only be unambiguously identified with iron hydrogen phosphates.
The diffraction peaks were carefully compared with the standard for iron

Table 1
XRD analysis of Delhi iron pillar rust using Cu K, radiation

26 (expt) (°) 1/1y (expt) (%) phase 26 (standard) (°) 1/1, (standard) (%)
12.75 25 FeH;P,04-4H,0 12.249 100
15.40 100 FeH;P,04-4H,0 15.424 44
16.90 15 FeH3P,04-4H,0 16.939 38
24.15 22 FeH;P,05-4H,0 24.689 19

25.848 18

26.90 6 FeH;P,04-4H,0 26.848 45
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phosphate (FePO4-2H,O — file number 33-0667) and several other iron hydrogen
phosphate hydrates (FeH;P,Og-4H,O — file number 45-0500, FeHP;09-H,O —
file number 31-0623, FeH,P;0,0-(3/2)H,O0 — file number 28-0486 and
FeH;P,04-3H,0 — file number 31-0624) [17]. All the peaks could be identified
with the phase FeH;P,05-4H,O. The 260 values and corresponding intensity of the
peaks from the standard diffraction file of FeH3;P,05-4H->O are also provided in
Table 1. It is seen that the high intensity peak of the phase FeH;P,04-4H,O
appears as a significant peak at 20 of 12.75°. The experimental peak occurring at
20 of 15.40° is again a significant peak of the phase FeH;P,035-4H,0. The possible
reasons for the experimentally determined peak at 15.40° being the highest
intensity peak rather than the peak at 12.75° are (a) different degrees of hydration,
(b) slight differences in composition, and (c) orientation effects in the DIP rust
sample as compared to the standard. Contribution to the 100% experimental peak
(at 20 of 15.40°) due to diffraction from other planes is also a possibility as the
standard pattern shows the presence of three diffraction peaks clustered very near
to this angle. A similar situation is obtained for the diffraction peak occurring at
20 of 24.15°, as there are two significant peaks (of theoretical intensities 19 and
18%) of the phase FeH;P,04-4H,0O occurring near this diffraction peak (Table 1).
Therefore, there is no ambiguity in the identification of the iron hydrogen
phosphate hydrate phase (FeH;P,Og-4H,0O) in the DIP rust as the experimentally
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Fig. 3. X-ray diffraction pattern of the DIP rust showing the intensities in the region 20 = 10 — 80°.
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obtained relative intensities can also be matched to the standard JCPDS
diffraction data of this phase.

As the rust obtained is very old, it is not surprising that the stable crystalline
form of iron hydrogen phosphate hydrate [18] was identified. However, it should
be borne in mind that the presence of the precursor to this phase, i.c. Fe3(POy,), in
the rust could not be ruled out as it is amorphous [18] in nature and would not
have provided diffraction peaks. Its relative amount is not important as it is the
precursor to the much more stable crystalline form of iron hydrogen phosphate
hydrate, which has been unambiguously identified in the rust by XRD.

The presence of FeH;P,045-4H,0 is also theoretically favored as it is composed
of FePO4 and H;PO,, whose standard free energies for formation is extremely
negative at room temperature. At 298.15 K and 1 bar pressure, the standard free
energy of formation of FePO42H,0 is —1657.5 kJ/mol, while that for crystalline
H;PO4 is —1119.2 kJ/mol [19]. In comparison, the standard free energies of
formation of the oxides and oxyhydroxides of iron are much higher [19]. On the
topic of thermodynamics, it is interesting to note the experimental result of
Urasova et al. [20] who found that phosphate is stable even at P concentration as
low as 0.24 wt% in the Fe-P-O system. Therefore, the identification of iron
hydrogen phosphate hydrate is reliable as the laws of thermodynamics are exact
and conclusions based on thermodynamics are sound and reliable.

From the above analysis, it would apparently appear that the rust of the iron
pillar is composed of only iron phosphates. This may not be true as very careful
analysis of the XRD pattern revealed weak peak(s) in the region of 20 = 30 — 35°
(Fig. 4). When the diffraction data of the several oxides and oxyhydroxides of
iron were analyzed, it was noticed that the maximum intensity peaks in the case of
several iron oxides and oxyhydroxides are concentrated in the 20 range between
30 and 35°. It, therefore, appears from the very weak diffraction intensities
obtained in this range that there should be a very small amount of crystalline iron
oxides or oxyhydroxides present in the rust.

3.1.2. Comparison with earlier XRD studies

Earlier XRD studies of rusts from the DIP are summarized below in order to
compare the present results with them. The rust samples that were obtained in the
present case were taken from the surface of the pillar just below the decorative
bell capital and this rust must be the oldest rust on the pillar. Moreover, this rust
has been undisturbed because this location of the pillar is inaccessible to the
public. Therefore, this important aspect must be borne in mind while viewing the
earlier rust analyses as all of them were conducted on rusts obtained from the
lower regions of the pillar. The rust forming in the lower regions cannot be in the
undisturbed condition because of the custom of the visitors who try to encircle
their arms around the pillar with their backs against the pillar in the belief that if
such an act can be successfully completed, it brings good luck.

A minute sample of the rust scraped from the area about 5 feet from the
ground was found essentially amorphous and contained clayey and siliceous
matter [21]. X-ray fluorescent analysis of the same rust confirmed that there was
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no free iron present in the rust. Based on these results, Bardgett and Stanners [21]
proposed that the coating might have risen from repeated handling. This
conclusion is not surprising as the rust sample was taken from the location where
contact with humans was frequent. Ghosh [22] analyzed the rust obtained from
the buried underground portion of the DIP and from the portion above the
ground. He found that both the samples were contaminated with sandy and
clayey matter. The rust samples were separated with a magnet and it was found
that the DIP underground rusts contained 99.0% of magnetic matter, while the
rust sample from the exposed area contained 65.7-80.1% of magnetic matter. X-
ray diffraction analysis of the rusts (conducted at Bern University [22]) revealed
that the magnetic portion contained y-FeOOH (lepidocrocite), «-FeOOH
(goethite) and Fes;_,0O,4 (magnetite), while the non-magnetic portion contained v-
FeOOH and quartz. Interestingly, although the presence of a-Fe,O; (maghmite)
was not confirmed directly, it was opined that there might be some a-Fe,O3
present based on the asymmetry of diffraction lines of Fe;_,O4 [22]. It is well
known that magnetite formation is favored in restricted oxygen environments,
such as soil burial conditions. Therefore, the higher proportion of magnetic matter
in the underground rust must be due to a higher magnetite content in them.

The identification of the oxides/oxyhydroxides in the rust samples taken from
above the ground are indicative of the state of the rust in the region where the
pillar comes into contact with humans. This is not the stable rust layer present on
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Fig. 4. X-ray diffraction pattern of the DIP rust showing the intensities in the region 20 = 30 — 80°.
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the pillar. However, the above observation provide information about the rust
layer in the region that was in human contact. Interestingly, a sample was cut
from the bottom exposed region of the pillar for metallographic analysis [22] and
the rust formed on this freshly exposed surface after 1.5 years of exposure was
studied by XRD by Lahiri et al. [23]. They identified y-FeOOH (lepidocrocite)
and o-FeOOH (goethite) in the rust, with the major phase being y-FeOOH
(Iepidocrocite) based on the diffraction intensities. While the above studies provide
information about the state of the rust in the ground level region of the pillar, the
XRD results provided in the present study provides information about the state of
the stable oldest rust on the pillar. Nevertheless, the information from the above
studies can be utilized to construct the sequence of events leading to the formation
of the protective passive film on the DIP [24].

3.2. Fourier transform infrared spectroscopy

It is established that IR spectroscopy can be utilized to understand the process
of rusting of steels. Misawa et al. [5,6] studied the mechanism of atmospheric
rusting and the protective amorphous rust on low allow steel by using IR
absorption spectroscopy. It has been pointed out by them that the absorption
band at higher wavenumber region is due to OH stretching and at lower
wavenumber is because of Fe—O lattice vibration. Misawa et al. [5,6] attributed
the following peaks as key absorption bands: 890 cm™' for 0-FeOOH, 1020 cm ™"
for y-FeOOH, 580 cm™' for magnetite and 470 cm™' for 8-FeOOH. Ishii et al.
[25] also confirmed that the Fe—O stretching vibration in Fe;_,O4 corresponds to
a wave number 570 cm~'. Moreover, they also showed that if this peak is sharp,
it indicates the purity level and the prevalence of very small amount of defects
[25]. Raman et al. [26] applied IR absorption spectroscopy to the study of
atmospheric rust and they have provided standard spectra for different phases.
Music et al. [7] used Fourier transform infrared spectroscopy for the analysis of
rust formed by corrosion of steel in aqueous solutions. Yamashita et al. [27]
studied the rust layer, formed on weathering steel for a quarter of a century in an
industrial region, by IR absorption spectroscopy where the bands obtained were
relatively broad.

3.2.1. Phase identification

The FTIR spectrum obtained from one DIP rust sample is provided in Fig. 5.
The spectrum obtained from another rust sample was identical and therefore is
not presented. In order to precisely identify the peaks that are due to KBr and
other IR active molecules (i.e. control specimen) present in the atmosphere, the
spectrum was recorded at ambient room atmosphere and not in an inert
atmosphere. The FTIR spectrum of the control sample is provided in Fig. 6. The
following discussion will address the identification of phases present in the DIP
rust based on the two spectra presented above.

On comparing the DIP rust and control spectra, it is clear that the peaks that
occur in the control sample in the region around 1500, 2920 and 2850 cm ™' arise
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from C=0 and O-H stretchings [4,28] which are present in the atmosphere.
When these peaks are eliminated from analysis in the DIP rust FTIR spectrum,
only certain other significant peaks require to be identified. The broad band seen
in the region 3000-3500 cm ™' is due to hydration of the rust. It is known that O—
H stretching leads to a strong peak between 3000 and 3700 cm™', while O-H
bending to a medium band between 1200 and 1500 cm™' [4,28]. Therefore, this
implies hydration of corrosion product(s) in the DIP rust.

It can be noted from Fig. 5 that the presence of y-FeOOH, a-FeOOH and 6-
FeOOH is confirmed by the appearance of peaks at 1020 cm™' (y-FeOOH), 890
em™! (a-FeOOH) and 470 cm™' (8-FeOOH) [5,6]. The DIP rust FTIR spectrum
also reveals that 8-FeOOH is the major component of the rust as the peak is
relatively intense compared to the others. This phase forms due to catalytic action
of elements like Cu, P, and Ni that are added for weathering resistance [5].
Interestingly, the peak due to magnetite (Fe;_,O4) was present at 580 cm™'. This
indicates the relatively more protective nature of the DIP rust. It is known that
magnetite formed during atmospheric corrosion will be non-stoichiometric and as
the non-stoichiometry increases, a rapid decrease in electrical conductivity is
observed in turn due to localization of electrons to regions encompassing available
octahedral Fe pairs [29]. The present FTIR results of the DIP rust are compared
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with that of the rust on a Gupta-period corrosion resistant iron clamp, which was
analyzed earlier [30]. The FTIR spectrum from the Eran rust (Figure 3 of Ref.
[30]) revealed characteristic peaks due to y-, - and d-FeOOH. Moreover, the
existence of magnetite (that was likely doped with P ions) in the crystalline form
was identified in contrast to the amorphous nature of magnetite in DIP’s rust. In
order to appreciate this difference, it is important to keep in mind the
environmental conditions in which the Eran rust and DIP rust were obtained. The
Eran iron clamp was removed from a stone block where it was buried inside. The
stone block was part of the oldest temple at Eran which was built by
Chandragupta II Vikramaditya [31], the Chandra mentioned in the DIP’s oldest
Sanskrit inscription [32]. The major difference between the Eran and DIP rust was
that the former was obtained from a restricted environment in a stone block
(thereby implying restricted oxygen supply to the surface of the iron clamp)
whereas, the rust on the DIP was obtained from a surface exposed to the
atmosphere. Under the condition of restricted oxygen supply, it is well established
that the rust that forms on iron is magnetite. Therefore, it is not surprising that
magnetite was obtained in the crystalline form in the Eran iron clamp. On the
other hand, the DIP rust is exposed to the environment where it undergoes
constant wetting and drying cycles and in such a case, it is observed that the
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magnetite in the rust is amorphous in nature. The reason for the presence of
magnetite in the amorphous form has been addressed elsewhere [24].

An interesting aspect that was found from the FTIR spectrum was that there
was a distinct band resulting from the presence of some phosphate phase(s) in the
region 1250-900 cm~' [4]. The wavenumber for ionic phosphate is 10301120
cm~', while for covalent phosphate the band should occur at 920-1050 cm ™" and
for P=0 bonds, the spectra occur at 1200-1250 cm™' [4,28]. Although it is
difficult to tell whether the ionic phosphate that is providing the signal in the
spectra is due to H3;PO4 or FePO4 or both, FTIR spectroscopy, nevertheless,
firmly proves the existence of phosphates in the DIP rust.

3.3. Mdssbauer spectroscopy

Mossbauer spectra of the rust samples obtained from two different locations in
the region just below the decorative bell capital of the DIP are presented in Figs.
7 and 8. The continuous line in the spectra in these figures are computer fitted.
The dots are experimental points. On comparing the Mdssbauer spectra in Figs. 7
and 8, it is evident that both the rust samples exhibit a similar nature because
both exhibit a collapsed sextet and a central doublet. As the results from two rust
samples (taken from different locations in the top regions of the pillar) were
identical, the wvalidity of the characterization is established. Calculation of
Mossbauer parameters showed a low value for isomer shift (IS) i.e. 0.08 mm/s in
the first sample and 0.15 mm/s in the second sample. However, quadrupole
splitting (QS) values (i.e. 0.55 mm/s and 0.58 mm/s for samples 1 and 2,
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Fig. 7. Méssbauer spectrum obtained from the first DIP rust sample.
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respectively) matched with literature values reported for oxyhydroxides [12-14].
Ferric phosphate shows an IS value of about 0.30 mm/s [33]. The deviation from
the standard reported valued of isomer shifts could be due to the modified
environment of the species responsible for the doublet. FTIR showed
characteristic peaks for y-FeOOH, a-FeOOH and 6-FeOOH indicating that they
were in the pure form. However, a broad band was obtained for magnetite and
phosphate indicating that they either exist in a different form or are incorporated
with ions [26]. The sextet was tried to be fit for a-FeOOH with a magnetic field of
313 KOe (IS = 0.40 mm/s and QS = 0.09 mm/s [34]) but good fitting could not be
obtained. Therefore, the collapsed sextet is due to magnetite that is in fine
nanocrystalline or amorphous form [35].

In order to understand the nature of the rust, the Mossbauer spectrum obtained
from the DIP rust from one location was analyzed in detail (Fig. 7). The same
rust was earlier analyzed by XRD and FTIR. The central doublet showed a high
value of 0.58 mm/s and 0.72 mm/s for full width at half maxima for individual
peaks from left to right, respectively. A similar high value was also observed in
the second sample. From these observations, it is clear that many species are
being depicted as the central doublet in the Mdssbauer spectrum. Singh et al. [8]
showed at room temperature that y-FeOOH, o-FeOOH and Fe;_, 04 (all
exhibiting superparamagnetic behavior) existed in rust samples on weathering
steels and only a central doublet was obtained at room temperature. Secondly, if
only y-FeOOH, 6-FeOOH and superparamagnetic a-FeOOH were present, it
should have shifted the central doublet to more positive velocity region resulting
in an IS value of about 0.40 mm/s. As the IS obtained in the DIP rust samples
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Fig. 8. Mssbauer spectrum obtained from the second DIP rust sample.
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were 0.08 mm/s and 0.15 mm/s, it indicated the presence of magnetite in addition
to the other species.

In both samples, an asymmetry of the right peak in the central doublet is
observed which is generally not obtained. Meisel et al. [36], while studying rust
conversion by phosphoric acid, noticed a singlet at about 0.42 mm/s, which was
attributed to FeH3(POy),-2.5H,O. The asymmetric second peak is also at 0.42
mmy/s and this could be due to the merging of singlet along with the doublet due
to other species. Therefore, Mdssbauer spectroscopy also supports the XRD
results obtained earlier, i.e. the identification of ferric hydrogen phosphate
hydrate.

The rust from an ancient corrosion resistant Gupta period iron clamp has been
earlier analyzed by Mdssbauer spectroscopy [30]. Similar to the DIP rust, the
Eran rust also showed a central doublet. Moreover, the Eran rust’s central
doublet exhibited asymmetry (larger intense left peak) which was due to the
presence of ferrous phosphates. There was also a shoulder at more positive
velocity region, which again confirmed that iron was in the ferrous state in the
phosphate present in that rust [30]. In the case of the DIP rust, a similar
asymmetry (i.e. higher intense left peak of central doublet) is absent (see Figs. 7
and 8) and there is no shoulder (in the positive velocity region). These
observations clearly indicate that the iron in the phosphate is not in the ferrous
state. This is an important result as this also indicates that the precursor phase (in
which the iron is in the +2 oxidation state and also amorphous in nature [18]) to
the crystalline iron hydrogen phosphate hydrate is absent in the DIP rust. This
confirms the XRD results, which unambiguously concluded that the phosphate
was crystalline iron hydrogen phosphate hydrate (FeH;P,Og-4H>O represented
alternatively as FePO4-H3;PO4-4H,0). In this phosphate, it can be clearly noticed
that iron is in the ferric state.

4. Conclusions

The oldest rust from the DIP was characterized by XRD, FTIR and Md&ssbauer
spectroscopy. XRD analyses confirmed the presence of crystalline hydrated iron
hydrogen phosphate, i.e. FeH;P,05-4H,O (which can also be viewed as
FePO4H3;PO4-4H,0). The presence of a very small fraction of iron oxides/
oxyhydroxides in the crystalline form was also indicated. The results of the FTIR
study indicated that the constituents of the scale were y-, a-, 3-FeOOH, magnetite
and phosphate. The FTIR study also provided that the scale was hydrated. As
XRD analysis did not reveal the presence of the hydrated iron oxides and
oxyhydroxides, their identification in the FTIR spectrum implied that they are
present in the amorphous state. Mdssbauer spectroscopic analysis indicated that
the rust contained y-FeOOH, o-FeOOH, 3-FeOOH and magnetite in the
amorphous form. This information was indirectly indicated by XRD, while the
FTIR spectra could not provide this information. Therefore, Mossbauer
spectroscopic study of the DIP rust confirms the amorphous nature of the
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protective passive film, barring the phase iron hydrogen phosphate hydrate. The
Mossbauer spectra also revealed that the iron in the crystalline iron hydrogen
phosphate hydrate, whose presence was confirmed by XRD analysis, was in the
ferric state.
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