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Experimental techniques for qualitative and quantita-
tive analysis of rust have been reviewed. Rusting of iron
in atmospheric and soil environments has also been
briefly reviewed. The application of important spectro-
scopic methods (like Raman spectroscopy, infrared
spectroscopy and Mossbauer spectroscopy) has been
highlighted. X-ray diffraction techniques to under-
stand global as well as local character of rust have been
discussed. The techniques have been illustrated with
suitable examples of atmospheric rust on ancient
Indian irons.

THE exalted position of ancient Indian iron metallurgy
has been well-discussed in the literature' '*. Recent sci-
entific studies have highlighted several unknown technical
aspects of ancient Indian metallurgical skill''"". While
iron made its appearance in the Indian subcontinent around
1500 BC, its widespread use was established by the 8th
Century BC. The excellent atmospheric corrosion resis-
tance exhibited by several world-famous Indian irons, for
example, the Delhi'' and Dhar'? iron pillars, the Konarak
iron beams'®!", etc., has been well documented. The study
of ancient iron and its corrosion, therefore, is important in
the Indian context. There are a variety of techniques to
understand the basic electrochemical nature and aqueous
corrosion tendency of metallic alloys'™'®. Readers interested
in understanding techniques to evaluate corrosion behaviour
can consult standard references’®*'. The focus of the pre-
sent review is on rust characterization, specifically addres-
sing atmospheric rust on ancient Indian irons. All the
techniques, except perhaps Mdssbauer spectroscopy, can
be applied for characterizing corrosion products on other
metallic materials.

Several different techniques can be used in different
stages of investigation. The basic techniques involved are
essentially material characterization techniques for sur-
face analyses®”. Microscopy-related techniques are useful
in understanding the topological state of the corroded layers
and in analysing their cross-sections. Composition analy-
sis techniques provide valuable information about varia-
tions across rusts. Several different methods are available
for identifying corrosion products on iron”>. The review
will first introduce rust. Rusting in atmospheric and soil
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environments will be briefly reviewed. Techniques for
microstructural, compositional and phase analyses will
follow sequentially.

Rust

Rust is a reddish-brown corrosion product of iron consist-
ing of several different constituents®**. Hydrous ferrous
oxide (FeO.nH,0) or ferrous hydroxide (Fe(OH),) is the
first diffusion-barrier layer formed on the surface. As the
pH of saturated Fe(OH), is about 9.5, the surface of iron
corroding in aerated pure water is always alkaline. The
colour of Fe(OH), is normally green to greenish-black
because of incipient oxidation by air and these intermedi-
ates have been frequently referred to as green complexes
or green rust. At the outer surface of the layer, access to dis-
solved oxygen converts ferrous oxide to hydrous ferric oxide
or ferric hydroxide according to the following reaction.

Fe(OH), + 4 O, — Fe(OH)s. (1)

Hydrous ferric oxide is orange to red-brown in colour and
comprises most of ordinary rust. It exists as non-magnetic
a-Fe,0; (hematite) or magnetic y-Fe,0; (maghemite). The
a-form possesses greater negative free energy of forma-
tion (i.e. greater stability). Saturated Fe(OH); is nearly neu-
tral in pH. A magnetic hydrous ferrous ferrite, Fe;0,.nH,0,
often forms a black intermediate layer between hydrous
Fe,05 and FeO. Ideally, rust films consist of three layers
of iron oxide in different states of oxidation. Rust layers are
not protective because they are permeable to air and water.
Therefore, iron continues to corrode even after rust has
formed.

Atmospheric environment is important to corrosion sci-
entists, archaeologists and conservators. The corrosion or
rusting of iron in the atmosphere occurs by the well-known
reaction

2Fe + H,O +1 0, — 2FeOOH. )

Metal dissolution is the anodic partial reaction, while the
dominant cathodic reaction is oxygen reduction. Although
hydrogen reduction may also support the anodic reaction,
its rate is much lower because the electrolyte on the sur-
face of iron-based materials is well buffered, ranging
in pH between 5.8 and 7. Wetting-and-drying cycles are
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involved in atmospheric corrosion. The presence of a
thick electrolyte layer on the surface can limit oxygen
reduction rate. In such situations, the following reduction
reaction supports oxidation of iron

8FeOOH + Fe™™ + 2e — 3Fe;04 + 4H,0. (3)

The subsequent reactions by which macroscopically thick
rust scales develop on pure iron have been analysed® .
The oxidation of the Fe’™ ions in green complexes and
green rust, leads to formation of lepidocrocite (y-FeOOH)
in well-aerated systems and magnetite in oxygen-depleted
systems. The rust composition, therefore, changes with time
(and metal composition). On pure iron, y-FeOOH trans-
forms to the more stable goethite (a-FeOOH) and some
spinel. With increasing time, goethite converts to either
maghemite or hematite. Conversion to hematite usually
requires higher temperatures. Although the formation of
several other phases (like amorphous phases, ferrihydride
Fe(OH),, 8-FeOOH, etc.) have been reported, there is no
general agreement on their specific role in atmospheric
corrosion.

Different views exist on the multi-layered rust scales on
weathering steels. For example, the inner adherent layer
has been shown to be comprised of a-FeOOH and y-FeOOH,
while the outer layers were composed of amorphous hy-
droxides and 8-FeOOH®. The rust on weathering steel
after 16 years of exposure in a rural environment was com-
posed of two layers, with the inner dull layer comprising
nanosized particles of o-FeOOH and the outer bright
layer, y-FeOOH>. The rust on weathering steel after 25
years of exposure in an industrial environment exhibited
similar characteristics, i.e. an inner layer consisting of nano-
sized goethite and an external layer of lepidocrocite™.

Different forms of iron corrosion products along with
their lattice parameters are provided in Table 1. Formation
of nitrate- or carbonate-containing corrosion products is
sparse. Atmospheric corrosion of iron is accelerated by the
presence of chlorides, which may result in the formation
of basic iron (II, TIT) chlorides and akaganeite (B-FeOOH).

Table 1. Lattice parameters (a, b and c¢) of metallic iron and
its main corrosion products
Density
Substance a b c (g/cc) Structure
o-Fe 2.866 7.86 bce
B-Fe 3.647 fee
FeO (wiistite) 4.30 5.67 fec
a-FeOOH (goethite) 4.60 10.01 3.04 4.28 Orthorhombic
B-FeOOH (akaganeite)  10.52 3.028 3.55 Tetragonal
v-FeOOH (lepidocrocite) 3.65 12.50 3.07 4.09 Orthorhombic
3-FeOOH 2.94 4.49 38 Hexagonal
FeOOH (Gel) 8.37 Cubic
a-Fe,05 (hematite) 5.035 13.72 5.26 Trigonal
v-Fe,0; (maghemite) 8.33 2499 4.69 Cubic
Fe;04 (magnetite) 8.396 5.175 Cubic
Fe(OH), 3.27 4.62 3.40 Trigonal
FeCO; (siderite) 4.711 15.436 3.83 Trigonal
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As regards the morphology of atmospheric rust scales,
the outer part of the scale is normally cracked, with ex-
tremely small (4—15 nm) pore sizes’' and large surface
(50 m*/g) areas®®. The atmospheric corrosion rates for
iron are relatively high and exceed that of structural steel.
They range (in um/year) between 4 and 65 for rural, 26
and 104 for marine, 23 and 71 for urban, and between 26
and 175 for industrial environments™.

In addition to the atmospheric environment, another
important environment in which archaeological iron can
undergo corrosion is soil. The corrosion aspects of iron and
steel approximate to that in total immersion in water'>'?,
The rates of soil corrosion of iron, however, resemble that
observed in atmospheric exposure. The rates are controlled
primarily by the diffusion of oxygen in water entrapped
in the soil. The important factors that affect soil corrosion
are soil composition, porosity (i.e. aeration), electrical con-
ductivity, dissolved salts, moisture content and acidity/
alkalinity. Soil corrosivity is not directly related to any of
these features; the relationships are rather complicated™.

Microstructural analysis

The scanning electron microscope (SEM) is the first ana-
lytical instrument used for quick observations’. The opti-
cal microscope can be used for imaging the surface but it
has limitations of resolution and depth of field at higher
magnifications. The SEM can be used for high-resolution
imaging of the surface, with a large depth of field. The
degree of corrosion, surface morphology, particle size and
texture can be effectively studied in the SEM. Recent deve-
lopments include atomic force microscopy, where atomic-
level resolutions are possible®®. Interestingly, neither the
atomic force microscope nor the transmission electron
microscope has been utilized to study rusts on ancient
Indian iron. These are possible subjects for future detailed
studies.

As an example, the nature of growing rust on the surface
of Dhar pillar iron will be addressed”®. The fracture
surface of a sample from the Dhar pillar iron was observed
after a period of 12 months. The rust was heterogeneous
in nature (Figure 1a)”. At some locations the external
scale was cracked, while at other locations, globular pro-
trusions were observed on the surface. These nodular struc-
tures, at higher magnifications, were composed of flowery
needle-like rust (Figure 1 b)*’ growing on top of a cracked
rust layer. The growth of the flowery needle-like rust was
evident in areas where considerable cracking was observed
in the outer layer, indicating that this rust grew at locations
where the outer oxide rust layer was cracked’®*'. Cross
sectional microscopy of the transversely mounted Dhar
pillar iron sample provided macroscopic details of the rust
structure (Figure 1 ¢)*. The layered nature of rust is a typi-
cal observation. The optical microscope can also be used
for studying rust cross-sections at lower magnifications.
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Compositional analysis

X-rays that are emitted from the interaction volume of the
electron beam with the surface can be utilized for both
qualitative and quantitative compositional analysis, by tech-
niques of EDS (energy dispersive spectroscopy) or WDS

»

- -
., S
(.“,.';_ .

. S

Blmm302 kY

15KV

Figure 1. Dhar iron pillar: @, Nature of the growing rust on the frac-
ture surface of the Dhar pillar iron. Notice the heterogeneous nature of
rust. b, Several of the nodular features noticed in @ were composed
of flowery needle-like rust. ¢, Cross-section of the atmospheric rust
observed in the SEM (ref. 35).
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(wavelength dispersive spectroscopy)’”. These spectro-
scopy units are generally available in SEMs. In cases when
rigorous compositional analyses are required, the electron
probe microanalyser (EPMA) is the equipment of choice.
The compositions determined in the EPMA are more pre-
cise due to the standardization procedure. The analysis
procedure is time-consuming because standard spectra
are obtained for each analysis from the standard reference
samples that are preloaded in the sample-holding unit of
the EPMA™.

The important role of phosphorus in imparting superior
corrosion resistance in ancient Indian irons has now been
recognized''”. Phosphorus can be present either in the
non-metallic slag inclusions as a compound or in ferrite as
a solid solution. It is necessary to obtain elemental concen-
tration profiles near locations of interest; for example, the
slag/matrix interface or oxide/matrix interface, because
phosphorus is distributed non-homogeneously in the matrix
due to micro-segregation.

The compositional variations were determined using an
EPMA in a Gupta period Deogarh iron as a function of
distance in the rust. The rust was essentially composed of
iron oxides and oxyhydroxides. The precise nature of the
iron oxyhydroxide/oxide could not be determined by the
EPMA analysis. The inner region possessed a relatively
high and uniform P content, which decreased on moving
towards the scale—environment interface. Another power-
ful technique to detect minor and trace elements is the micro
particles-induced X-ray emission (UPIXE) technique37. The
PIXE method using an EDS detector is a convenient method
to chemically analyse the sample because it quantifies
relatively low amounts of elements (Z higher than 12) and
allows simultaneous multi-elemental analyses. The varia-
tion of P content in the matrix and rust of a Gupta-period
Eran iron was studied by pyPIXE. The 1.5 MeV proton
beam of the Pierre Siie Laboratory (at Commissariat a
I’Energie Atomique, Saclay, France) nuclear microprobe
was used. This energy was selected to favour the X-ray
emission corresponding to the lighter elements. The detailed
experimental procedure is provided elsewhere™. A refe-
rence sample of low-alloyed steel containing 450 ppm
phosphorus was utilized. Phosphorus-concentration pro-
files, obtained in the metallic matrix near-slag inclusions,
revealed decreasing P content near the slag inclusion (for
distances less than 10 um), which has been related to the
dephosphorizing power of the slag””. The variation in P
content as a function of distance into the atmospheric rust
of Eran iron provided important insights (Figure 2)*.
Significant enrichment of P could be noticed in the oxide
scale. At locations where the P content was relatively low
in the metallic matrix (square datapoints in Figure 2),
there was a higher amount of P, especially at the scale-metal
interface, and this continued into the scale. However, with
increasing distance into the scale, the P content decreased.
The uPIXE study clearly proved the enrichment of P con-
tent at the metal-scale interface and in the near vicinity
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Figure 2. Variation of P content as a function of distance from the
metal—oxide interface in Eran iron*’. Three different profiles obtained
at three different locations are provided. The profiles based on data-
points represented by the open and closed squares were obtained at
locations where the P content was relatively low in the metallic matrix
just below the scale. The profile based on the datapoints represented
by triangles was obtained at a location where the P content was rela-
tively high.

of the oxide scale, in regions both rich and poor in phos-
phorus™.

Raman spectroscopy

Raman spectroscopy is a powerful tool to study the inter-
nal structure of molecules and structures. Raman spectra
provide unique information about molecular patterns, spac-
ing, and bonding. Raman spectroscopy is based on the
Raman effect, which is the inelastic scattering of photons
by molecules, discovered*' by the Indian physicist C. V.
Raman in 1928, for which he received the Nobel Prize in
physics in 1930. Basic texts can be referred for further
information***’. Corrosion products can be successfully
identified using Raman spectroscopy, as every compound
possesses a typical Raman spectrum. Small amounts of cor-
rosion products are required and fibre optics can be cou-
pled for remote sensing of data, particularly useful for
aqueous systems. Table 2 provides the important bands
of some common corrosion products of iron*. Minor
differences have been noted in the literature due to dif-
ferences in specimen composition, morphology, sampling
and source power. The Raman spectra of various reagent-
grade iron oxides and oxyhydroxides are provided in
Figure 3 (ref. 44).

An example of application of Raman spectroscopy will
be provided below, highlighting the power of conducting
experiments with fine beams. Micro-Raman analyses were
performed on the polished cross-section of Deogarh iron
using a Jobin Yvon-Horiba LabRam Infinity spectro-
meter and a frequency-doubled Nd: YAG laser at 532 nm
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Figure 3. Raman spectra of various reagent-grade iron oxides and

iron oxyhydroxides*.

Table 2. Main Raman bands of reference iron oxide compounds (in
cm™). The strongest peak in each compound has been underlined**
Magnetite Hematite = Maghemite Goethite Lepidocrocite
Fe;04 o-Fe,Os 'Y-FCzO3 o-FeOOH 'Y-FCOOH

550 225 193 250 252
670 247 263 300 380
299 350 385 660
412 380 470
500 505 560
613 650-740

(Dillmann et al., unpublished). Spectral resolution of this
set-up is about 2 cm™'. Measurements were made with a
x 100 long-focus Leitz objective which provided a beam
waist diameter of about 3 um. Excitation laser power on
sample was filtered at least below 0.6 mW in order to
avoid thermal effect for the sensitive iron oxides and
oxyhydroxides. Two phases were unambiguously detected
and identified from literature data and standard material,
as goethite (Figure 4 @) and magnetite (Figure 4 5). How-
ever, as the intensity of the magnetite Raman signal is
much weaker than that of goethite and because some goethite
peaks overlap the magnetite principal band, it is not pos-
sible to ensure unambiguously from the spectra that no
magnetite is present in goethite. Moreover, a third phase
was identified at some locations (Figure 4 c) (Dillmann
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Figure 4. Raman spectra recorded at specific locations in the cross-

section of Deogarh iron rust. Laser power and accumulation time are
specified for each spectrum. @, Spectra of goethite, two different loca-
tions with different laser power. b, Spectrum of magnetite. ¢, Spectra
of maghemite, three different locations with different laser power
(Dillmann ef al., unpublished).
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et al., unpublished), which was in relatively good agree-
ment with the maghemite signature. The rust was there-
fore composed of magnetite, maghemite and goethite. In
the light-grey zones on the optical microphotograph pre-
sented in Figure 5 (Dillmann et al., unpublished), only
maghemite and magnetite are present. The dark zones
contain goethite and maybe small amounts of magnetite
or maghemite. Recent developments include ultrasensi-
tive Raman imaging microscopy, where selected areas
can be mapped for the phase distribution using important
Raman peak shifts of the phases.

Infrared spectroscopy

The infrared (IR) region of the electromagnetic spectrum
extends from a wavelength of about 800 nm towards
longer wavelengths. As the characteristic absorption fre-
quencies depend on the molecular environment due to the
neighbouring groups, IR spectroscopy can be used to
fingerprint these groups and hence deduce the various
phases™. The spectrum at long wavelengths (1000 to
400 cm™") provides valuable information regarding the
iron—oxygen lattice. Water coordinated as a ligand in the
inner sphere of the metal ion as well as wagging, twisting
and rocking modes of vibrations are manifested in this
region™. Oxides generally exhibit fully broadbands due
to high degeneracy of the vibration, thermal broadening
of the lattice dispersion, and mechanical scattering from
powdered sample. In a few cases, M—O stretching vibra-
tion can also be present. Corrosion products can be char-
acterized from the known resonant frequencies of various
vibrations™. The characteristic absorption frequencies of
the key bands, which are useful in the identification of
phases encountered in iron corrosion products*®™, are
listed in Table 3. The IR spectra can be useful, especially

Figure 5. Optical photomicrograph of internal corrosion products in
Deogarh iron from where the Raman spectra were recorded (Dillmann
et al., unpublished). In the light-grey zones, only maghemite and mag-
netite are present, while the dark zones contain goethite and maybe
small amounts of magnetite or maghemite.
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in definite identification of certain species such as o-
FeOOH which is super-paramagnetic at room tempera-
ture and therefore indistinguishable from y-FeOOH by
Maossbauer spectroscopy. Furthermore, at liquid nitrogen
temperature, o-FeOOH has an internal field similar to
that of magnetite and hence its Mdssbauer spectrum over-
laps that of magnetite. Similarly, ultra-fine particles
of 0-FeOOH are amorphous to X-rays and hence may not
show up in XRD patterns, whereas they can be revealed
in the IR spectrum.

The IR spectrum of Dhar iron pillar rust is shown in
Figure 6 (ref. 49). The presence of o-Fe,0; (peak appear-
ing at 572 cm '), y-FeOOH (peak appearing at 1023 cm ™'
and its shoulder at 791 cm™), a-FeOOH (peak appearing
at 884 cm™') and 3-FeOOH (peak appearing at 465 cm™)
were confirmed. Ishii and Nakahira™ confirmed that the
Fe—O stretching vibration in iron oxides corresponds to a
wavenumber, 570 cm . The peak appearing at 572 cm'
is indicative of Fe—O vibration in the oxide of iron. The
exact nature of this oxide could not be determined from
the IR spectrum, but was revealed by Mdssbauer spec-
troscopy, from which it was concluded that it arises due
to Fe—O vibration in 0L-Fe20335. A shoulder in the IR
spectrum (Figure 6) corresponding to phosphate ions could
be discerned (1030 to 1120 cm ™), indicating that ionic
phosphates were present in the rust that was studied.

Mossbauer spectroscopy

Maossbauer spectroscopy or nuclear resonance fluores-
cence (Mdossbauer effect) spectroscopy is defined as re-
coilless emission of y-rays (only low energy) and their
resonant absorption by the same kind of atoms. It is also
called zero phonon absorption. This effect was discov-
ered by Rudolf Mdssbauer’' in 1958, for which he was
awarded the Nobel Prize. While comparing the scattering
of 129 KeV gamma rays of Ir'*! by Ir and Pt, Mdssbauer
found an increase in the scattering of gamma rays in Ir at
low temperature, which was counter to classical predic-
tions. Mdssbauer brought in new ideas in the analysis of
the emission and scattering of gamma rays by atoms
bound in solids. Books dealing with the basic principle

Table 3. Key bands of some common iron corrosion products
useful for phase identification by IR spectroscopy
(s, Strong; m, Medium; b, Broad)‘”’49

Phase Absorption frequency (cm™)
a-FeOOH 800(s), 900(s), 610(m)

B-FeOOH 660-710(sb), 850(mb), 3400-3500(sb)
v-FeOOH 755(s), 1020(s), 1170(b)

3-FeOOH 450(sb), 670(m), 920(m), 1130(m), 3320(m)
Fe;04 500-575(b), 380—410(vb)

o-Fe,0s 470(s), 540-610(sb), 1105(m)

Fe(OH), 480, 3630

Green rust 670, 800, 3540

FePO, 575(b), 665(s), 690(s), 1035(m), 1069(s)
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and applications of Mdossbauer spectroscopy may be
referred for further information™. Three kinds of hyper-
fine interactions (isomeric shift or chemical shift or cen-
tre shift™*, quadrupole splitting™*, and magnetic hyperfine
splitting®®) available in a Mdssbauer spectrum are used in
rust characterization.

Maossbauer spectroscopy is an important tool for study-
ing Fe (and Sn) corrosion products, because it is a practical
method for determining the coordination and oxidation
state of Fe. No special sample preparation is needed,
which ensures that the exact nature of corrosion products
is unambiguously reflected during the investigation. A
single spectrum provides three Mdssbauer parameters which
are distinctly different for the oxides, oxyhydroxides and
hydroxides of iron. There is no interference due to pres-
ence of species of metals other than iron. The characteristics
of passive films can be understood in situ using conver-
sion electron Mossbauer spectroscopy. Several specific
materials properties can be measured, which include particle
size (volume), microscopic magnetic properties (sublattice
magnetization opposed to bulk magnetization) and ionic
charge. It is also possible to understand the thickness of
the growth along with quantitative estimates of individual
products. However, these measurements are not easy due
to difficulties in spectral analysis and data interpretation,
the limited numbers of Mdssbauer isotopes, cryogenic
requirements and radiation usage. Additionally, sample
constraints have also to be understood™””.

Several research articles™ ® and a few review articles
describe the use of Mdssbauer spectroscopy in characte-
rization of iron oxides. Figure 7 (ref. 67) shows the stan-
dard Mdssbauer spectra of corrosion products commonly
found in rust.

A typical Mdssbauer spectrum obtained from a Gupta-
period Eran iron rust is shown in Figure § (ref. 68). The
doublet (peak 1) indicated the presence of y-FeOOH, -
FeOOH and 3-FeOOH in superparamagnetic form. The
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Figure 6. IR spectrum from Dhar iron pillar rust*.
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appearance of the doublet also indicated that it is due to the
very fine particle size of these oxyhydroxides. A sextet
should have appeared if these phases were crystalline”® >’
The asymmetry in the doublet (peak 2) suggested the
presence of one more peak with higher quadrupole split-
ting. This was attributed to the presence of ferrous phos-
phate®®. Finally, the sextet provided a magnetic field of
430 kOe, which was lower than that for magnetite. This
was explained to result due to the incorporation of some
ions in the magnetite lattice®

X-ray diffraction

X-ray diffraction (XRD) is one of the most versatile
techniques for materials characterization. This was dis-
covered in 1912 by Max von Laue, approximately 18
years after the discovery of X-rays by Wilhelm Roent-
gen. Shortly thereafter, in England, W. L. Bragg used
XRD to determine the crystal structure of halite (NaCl).
His father, W. H. Bragg, invented the X-ray spectro-
meter. The Bragg’s established X-ray crystallography.
Bragg’s law (2d sin g = nl) is the fundamental relation-
ship that describes how the angle of diffraction (g) of an
X-ray beam focused on a crystal is related to wavelength
(/) and the periodic distance (d) between atomic planes in
the crystal. Since periodic atomic distances are unique to
individual crystalline compounds, Bragg’s law predicts
that compounds will have unique diffraction patterns.
Consequently, diffraction measurement by XRD is an ex-
cellent tool for compound identification when a material
has atomic-scale periodicity or crystallinity®”°. Computers
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in modern XRD equipment interactively control gonio-
meter movement, data recording and data reduction. Dif-
fraction patterns can be matched with well-maintained
commercial databases’', and with patterns published in
peer-reviewed journals.

The characterization of rust on Deogarh iron utilizing
XRD will be provided as an example. The rust layer that
was adherent on the iron clamp, was peeled-oft from the
surface of the sample at one location and diffraction pat-
terns were obtained from both sides of the rust. The dif-
fraction patterns obtained from the inner (i.e. the rust in
contact with the metal surface) and outer (i.e. the rust
exposed to the atmosphere) regions are shown in Figure 9.
The rust in the inner regions was primarily composed of
magnetite, while the outer rust contained goethite and lepi-
docrocite. Interestingly, the presence of phosphate phases
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(kryzhanovskite-JCPDF’* 71-2386, iron hydride phos-
phate-JCPDF 78-0783 and iron hydrogen phosphate—
JCPDF 79-0670) was indicated in the inner rust sample.
Local phase identification is possible in the micro X-
ray (LXRD) diffraction technique which uses the same
principles as the macro XRD method, but is conducted
with a microscopic X-ray beam. The development of X-
ray optics in recent years has permitted focusing of an
X-ray beam on a small area of several square micrometers’”.
In order to obtain X-ray microbeams with sufficient quan-
tity of photons, brilliant sources must be used and therefore,
UXRD experiments are mainly performed on synchrotron
beamlines. The synchrotron radiation is an electromagnetic
radiation emitted by accelerating charged particles. Synchro-
tron radiation is quasi continuous and of high brilliance
which can be increased to about 10" to 10% photons/
s/mm?/mrad” using specific inserting devices as wigglers
or undulators. The X-ray optics used for focusing con-
sists of waveguide capillaries, Bragg Fresnel multilayer
lenses and Fresnel zone plates’™*. A monochromator is
used to choose the appropriate wavelength in the hard X-
ray domain. The uXRD technique can be utilized to obtain
local structural information on scales several hundred um
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Figure 9. XRD pattern obtained from «, the inner region and b, outer

region of rust of Deogarh iron clamp (Dillmann ef al., unpublished).
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thick. The high precision of X-ray diffraction patterns per-
mits the identification of complex structures, even with
large lattice parameters.

The microdiffraction technique has been successfully
employed to understand phase distribution in Eran iron
rust”’. The X-ray uXRD experiments were conducted on
the D15 beamline at Laboratoire pour I’Utilisation du
Rayonnement Electromagnetique at Orsay, France. A
detailed description of the experimental set-up is pro-
vided elsewhere”’®. One-dimensional diffraction patterns
were obtained by circularly integrating diffraction rings
using the FIT2D software developed at the European
Synchrotron Radiation Facility”’. The oxide scales formed
near the high P containing metallic matrix consisted of a
lower amount of crystalline compounds. On the other hand,
when the P-content in the matrix was lower, the usual
crystalline atmospheric corrosion products (magnetite and
goethite) were determined. Finally, in the locations in the
oxide where the P content was relatively high, crystalline
phosphates were also identified by pXRD™*.

Another advantage with the pXRD technique is that
phase distribution profiles can be obtained by analysing a
series of uUXRD patterns obtained across the rust scales.
Such a procedure was adopted for Deogarh iron rust. The
outer part was rich in lepidocrocite and goethite, while
the inner portion, in magnetite and goethite. The uXRD
results were generally in conformity with the XRD results
obtained from the rust scale (Figure 9). The microdiffrac-
tion patterns obtained from different locations across the
rust were analysed to obtain the relative amounts of the
phases. Appropriate intensity corrections’® had to be per-
formed to normalize data. Care was also taken to ensure
that the number of diffracted grains was sufficient and ran-
domly distributed. The relative amounts of the various
phases in the rust layer in the Deogarh iron rust layer are
provided in Figure 10 (Dillmann et al., unpublished). The
data can be useful in modelling long-term atmospheric
corrosion behaviour. The conversion of the initial rust
(lepidocrocite) that forms to goethite was indicated by the
increasing ratio of goethite with distance into the rust.
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Figure 10. Semi-quantitative profile of various phases determined by
analysis of individual pXRD patterns obtained at different locations in
the rust of Deogarh iron (Dillmann ef al., unpublished).
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Special care was observed to perform the pXRD experi-
ments at a location where the phases were crystalline. The
presence of amorphous phases cannot be understood by X-
ray diffraction techniques. This is one of the biggest draw-
backs of the XRD technique in general. However, IRAMAN
experiments can prove to be useful in these situations.

Conclusion

Techniques for qualitative and quantitative analysis of rust
have been reviewed. These have been illustrated using
atmospheric rusts on ancient Indian irons. Techniques for
microstructural (SEM and optical microscopy) and com-
positional analyses (EDS, EPMA and UPIXE) have been
discussed. The application of important spectroscopic
methods (Raman spectroscopy, infrared spectroscopy and
Maossbauer spectroscopy) has been illustrated. X-ray dif-
fraction techniques to understand global as well as local
character of rust have also been discussed.
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