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Potential and Drawbacks of
Raman (Micro)Spectrometry for the
Understanding of Iron and Steel Corrosion

Philippe Colomban
LADIR, CNRS - Université Pierre-et-Marie-Curie
France

1. Introduction

Raman scattering theory and first observation date back to the first decades of the 20th
Century but the technique did not generalise until the 70s, with the development of lasers
technology. Two major breakthroughs occured in the 80s with the replacement of
monochannel PM detectors by multichannel CCDs (Delhaye et al., 1996) and in the 90s with
the rejection of Rayleigh elastic scattering by photonic crystals (Notch filter) or multilayer
coatings (Edge filter) rather than monochromator(s). These latter technological changes
improved the sensitivity by many orders of magnitude, which allowed either cutting the
counting time (allowing mapping or real time monitoring) or reducing the illumination
power (thus allowing for the analysis of black compounds). The latest developments
concern the miniaturization of solid laser sources and the replacement of electronic boxes
controlling the CCD detector by softwares uploaded on a common laptop, leading to
portable Raman instruments. All these developments and the increase of the Raman
instrument production lowered the price and made the technique more and more available,
even for in-line/at-line/ on-line control.

Among the many interactions of light with matter, Raman scattering is particularly well
suited to the multiscale analysis of ill-organized heterogeneous solids as the corrosion films
(Gouadec & Colomban, 2007a; ibidem, 2007b). The Raman probe being for interatomic
bonds themselves, the technique offers a “bottom-up” approach to study nanomaterials and
amorphous compounds which best works in the case of imperfect crystals with strong
covalent bonds (Fig. 1) such as those typically produced by metal corrosion.

Raman signal results from the interaction of a monochromatic coherent light (laser beam) with
electronic and vibrational levels of atomic bonds (Long, 1977; Lewis & Edwards, 2001;
Gouadec & Colomban, 2007 for a more complete theoretical description). The interaction with
the electronic levels is often described as virtual; this is true for non-coloured samples or non-
absorbent for the excitation laser line, but wrong for absorbent materials, leading to
(pre)resonance Raman features. Consequently, peak intensity will depend on the exciting
wavelength and 2rd order Raman features could be present (harmonics, combinations). Theory
predicts both elastic (so called Rayleigh scattering) and inelastic (namely Raman) contributions
in the scattered electric field. The latter occurs only if vibrations change bond polarizability,
which is a second rank tensor containing the crystal symmetry. Raman scattering is
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568 New Trends and Developments in Automotive System Engineering

complementary to infrared absorption with the advantage of much narrower peaks: the
Raman peak shape is thus very informative because the Raman probe is very local. On the
other hand, the IR spectroscopy probes, the instantaneous dipole moments which are subjects
of much longer distance interactions. Consequently, IR bands are often very broad.

Raman spectroscopists in general refer the vibrational modes, the phonons, by i) their
wavenumber V=v_, /c (c the light speed, Vv in cm- unit, here after and usually noted v )
and expressed it in cm, however energy (meV), wavelength (nm) are frequency (THz) units
can also be used and ii) their symmetry (total symmetric modes are the strongest ones).
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Fig. 1. The basics of the information to be extracted from a Raman spectrum (after Gouadec
et al., 2010).

The polarization of a sample illuminated with light (electric field Eo; frequency vi) has the
following form:

P =q x Fo cos(2mv,t) (1)

In Eq. (1), a represents the polarizability tensor, which depends on matter vibrations (the
oscillations of atoms and molecules around their equilibrium positions). The polarization
can be expressed as a function of the atomic displacement (normal coordinates) using a
Taylor approximation, thus predicting elastic scattering (v=v);, the exciting laser
wavenumber) and inelastic (v=vitvyjp) scattering by atomic vibrations. The former is called
Rayleigh scattering and the latter, which occurs only if vibrations change polarizability
(Oaj/ 0Q#0), is Raman scattering. Other terms correspond to Hyper and higher orders
Raman scattering (Long, 1977: Gouadec & Colomban, 2007a).

The signal intensity is predicted with the following formula:

*do )

_4 =
IRaman * Ilaser Vlaser €y ae
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In Eq. (2), e, and es are unit vectors indicating the laser polarization and direction of
observation, respectively, whereas dQ) represents the solid angle of light collection, at a
maximum when high magnification, high aperture number microscope objectives are used.
Classical electromagnetic theory predicts Raman peaks should have a Lorentzian shape
(Long, 1977; Lewis & Edwards, 2001; Gouadec & Colomban, 2007a). Isotropic disorder leads
to a distribution of Lorentzian usually described by a Gaussian shape. Actually more
complex shapes (e.g. asymmetric ones in the case of anisotropic disorder, Fig. 1) occur and
complex laws should be used (Havel et al. , 2004; Gouadec & Colomban, 2007a; Havel et al.,
2007) to describe the Raman signature of some nanophased materials or when defects break
the phonon propagation (Havel et al., 2007; Chi et al., 2011).

The scattering intensity varies by orders of magnitude depending on the bond polarisability
(the more covalent the bonds, the higher the number of electrons involved and the higher
the Raman peak intensity), the crystal symmetry and the exciting wavelength. As
polarizability (@ second rank tensor) changes drastically from one bond to another, Raman
intensity may not be used to measure the relative amounts of different phases without
preliminary calibration. Consequently, minor phases or even traces could have a stronger
Raman signature than some major phases. The preferential orientation of certain phases,
common for surface grown phases enhances some peaks and calibration cannot be efficient.
The absorption of the laser light by coloured phases can be very high and thus the
penetration depth can be less than a few tenths of nm (Gouadec & Colomban, 2001; Havel &
Colomban, 2006). Furthermore light absorption may involve strong local heating and thus
phase transformation towards more stable ones, crystallization of amorphous ones or
oxidation (de Faria et al., 1997; de Faria & Lopez, 2007; Cvejic et al., 2006). Raman analysis
appears very sensitive to answer some questions on a given material whereas can be nether
useless to study some others. Mapping (see further) and quantitative analysis should be
then performed with caution.

Since Raman instruments were made available in the 70s, attempts to characterize the
corrosion products of iron-based artefacts were performed. Most of studies concerned pure
iron or low carbon content alloys but reference spectra are now available for large majority
of the most common corrosion products: haematite, (Beattie & Gilson, 1970), magnetite
(Morke et al., 1980)), lepidocrocite (Thibeau et al. 1978). First series of corrosion studies
flourish during the 80’s (Farrow, 1980; Farrow & Nagelberg, 1980; Keiser et al., 1982; Hugot-
Le Goff & Pallotta, 1985; Naouer et al. 1985; Ohtsuka et al., 1986; Boucherit et al. 1989,
Diinnwald & Otto, 1989). Then, high sensitivity instruments made it possible to study black
and low crystallinity /amorphous films that were easily transformed into the stable ones by
laser heating (Gouadec et al. 2001; Mazetti & Thistlethwaite, 2002; Cvejic et al., 2006:
Gouadec & Colomban, 2007; Gouadec et al., 2010). More recently, mapping allowed getting
a semi-quantitative global view (Neff et al., 2005; Neff et al., 2006 ; Monnier et al., 2010). A
great effort was made to obtain reference phases and their signature, especially by
controlled electrochemically synthesis (Savoy et al., 2001; Sinard et al., 2001; Joinet et al.,
2002; Legrand et al. 2003, Refait et al. 2003, Poupard et al. 2006, Pineau et al. 2008; Dubois et
al. 2008).

In this chapter we address the advantages of Raman spectroscopy and mapping, with
particular attention to the intrinsic experimental and conceptual drawbacks of the methods
as well as possible ways to overcome them.
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2. Phases issued from metal corrosion and their Raman signature

2.1 Phase and structure relationship

The corrosion of metal results from the reaction with anions and the formation of new bonds
at the surface. The simplest case is the oxidation (formation of Fell/lI-O bonds) but
hydroxylation (Fell/lI-OH), carbonatation (Fe-COs), phosphatation (Fe-POy), and sulfatation
(Fe-SOy), etc... can occur by uncontrolled or controlled reactions with the moieties present in
the vicinity of the metal surface. Ionic diffusion is driven by chemical and electrochemical
gradients, which depends on the material structure. The ionic (mostly protonic) (Colomban,
1992) and electronic conductivity as well as the presence of liquid electrolytes such as water
are prominent parameters. We will discuss the Raman signature of iron-based compounds
but all the phases (oxides, hydroxides, carbonates, sulphates, etc.) of any element used in the
alloy must be considered because corrosion may promote their formation and trace phases
may have a signature sufficiently strong to be detected.

The densest phase is wustite because of its high Fe/O ratio (FellO, space group Fm3m,
density: ~6, black). Two other dense phases are built with two available ways of oxygen
atom packing: magnetite (Felll/lI30,, spinel structure with space group Fd-3m, cubic
ABCABC packing, density 5.18, black) and haematite (Fel',O;, corundum structure with
space group R-3c , hexagonal ABAB packing, density 5.23, dark red, Froment et al., 2008).
When oxygen vacancies are formed - that decreases the density - the oxygen layer packing is
preserved but some protonation may occurs: i) maghemite (y Fe;Os, space group P4532
preserves the cubic spinel structure but its density lowers to 4.87, brown), ii) goethite (o
FeOOH, space group 2/m2/m2/m, density : 4.3 to 3.3, ochre to black ) and lepidocrocite
(y FeOOH, Cmcm, density :~4, dark red) ; these phases retain the initial framework made of
oxygen atom layers but the structure becomes more open due to oxygen defects.
Furthermore, some oxygen atoms may be replaced by Cl ones (akaganeite § FeOOH, density
: 3.8 to 3.6, orange), especially at the phase surface. Other disordered phases are observed :
ferroxyhyte (5 FellOOH, density : 4.2, yellow), ferrihydrites (Fel'sHOgs, 9H,O, ABACA or
mixed ABA ACA packing, density : 3.8, brown), hydroxychlorides, § Fell,(OH)sCl or the so-
called "green rust" (Fellq.xFelll, (OH), Clx (SO4),, nH>O, AABBCC packing, a variant of the
ABC cubic packing, green). White rust consists in the iron lamellar hydroxides (main phase:
B Fell(OH),, P-3m1, ABAB compact packing, white). Carbonates (siderite, FellCOs, density
~3.9; Fes(CO3)(OH)2, and some other mixed frameworks) may also form. Sulfates (FellSO,)
result from sulphuric acid treatment in the finishing of steel before coating or plating.
Galvanized steel sheets received ZnFe or more complex (ZnNiMn, etc...) coatings that
enlarge the variety of phases to be formed (Bernard et al., 1993; Marchebois et al., 2002a;
ibidem, 2002b; Tomandl et al., 2004; Yadav et al., 2004; Hernandez et al., 2006; Refait et al.,
2007; Colomban et al., 2008; Dubois et al., 2008) : smithsonite ZnCOs, Zn(OH), and complex
phases like hydrozincite Zns(OH)s(COs)2 ("white corrosion"), ZnCl»(OH)s SO 5 H>O,
phosphates like Zn3(POs)2, H2O, ZnS ("black corrosion").

In the same way, water and/or high temperature resistant steels such as Ni and Cr-rich and
the corresponding oxides/hydroxides are formed : oo CrOOH, Cr20;, NiO, spinels, ... (Beatie
& Gilson, 1970; Bernard et al., 1993; Zuo et al., 1996; Delichere et al., 1997, Colomban et al.,
1999; Maslar et al., 2001). Reference spectra of common phases can be also found in review
books (see e.g. Karr Jr, 1975; Nakamoto, 1997) and the data on parent compounds are very
useful for the identification of solid solutions and ill-crystallized compounds (Delichére et
al., 1988; Desilvestro et al., 1988; Colomban et al., 1999). Table 1 lists the most frequent
corrosion products and their characteristic Raman fingerprints.
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Compound Formula/structure Characteristic Remarks
Wavenumber+

Woaustite FeO 655

Haematite FexOs / Corrundum ~1320, 290, 220

Magnetite Fe30, / spinel 670 Easily
transforms into
haematite under
laser beam

Maghemite vFe,OsH / spinel 670-720, ~1400 idem

Ferrihydrite FesHOg,9H,O 710, ~1380

Goethite o FeOOH 390

Lepidocrocite vy FeOOH 250, 1300

Akaganeite  FeOOH (Cl) 310, 390, 720

Ferroxyhyte & FeOH 680, ~1350 idem

Hydroxychloride B Fey(OH);Cl 160, 423

Green rust 430-510

Iron chloride FeCl, 610

Zinc chloride ZnCl, 80, 248

Zinc oxide ZnO 100, 540-580

Zinc hydroxide Zn(OH)> 470

Zinc carbonates ZnCOs3 1095, 370

White rust 3Zn(OH); 2ZnCO3 1050, 385

" 47n(OH), ZnCl, (OH)s 910, 3455-3486

H>,O
" Zn(OH), Cl, SO4 5H,O 955, 208, 292
" ZnSO4 3 Zn(OH), 961, 1007, 463
3H,O

Zinc phosphate ZnPOy 996

" Zn3(POy4),H,O 1055, 1150

Manganese oxide MnO» ~600

Nickel oxide NiO ~510

Chromium oxide Cr,O3 351, 551,609

Chromium CrOOH (Cr;03, nH>O) 485

hydroxide

Mackinawite FeS ~280-300

Greigite FesS, ~350-360

Table 1. Raman fingerprint of main corrosion products.

2.2 Understanding Raman signature
If the analytic approach is useful (identification and quantification of the phases formed by
corrosion), a more comprehensive understanding of the phase structures and relationship is
necessary for a comprehension of the reaction scheme and the prospect of regulating them.
The recording of the Raman signatures will depend on the phase colour - i.e. their electronic
band structure - that determines the light penetration and the intensity of the scattered
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signal as well as on the phase structure : the higher the symmetry, the lower number of
Raman peaks (Lewis & Edwards, 2001; Gouadec & Colomban, 2007a).

Fig. 2 shows the Raman signature of the main phases encountered in the corrosion layers.
Typical intensity ratios in comparable recording conditions are:

Lepidocrocite (1) > wustite, haematite, goethite, hydroxychloride, ferrihydrites, ferroxyhite
(~1/3) > akaganeite (~1/4) >> magnetite, maghemite (~1/10).

390 o FeOQOH 220, 220 F8203
Goethite

Haematite

250

y FeOOH

B FeOOH(CI)
Lepidocrocite

Akaganeite

1300

1390
1160

Raman intensity

Y Fe,0,4
Maghemite

Fe,O,

Magnetite
540

500 1000 1500 500 1000 1500
Wavenumber / cm -1 Wavenumber / cm

Fig. 2. Raman signature of the main (crystalline) iron oxi(hydroxy)des observed in corrosion
films (after Colomban et al., 2008).

It is thus clear that the analysis of a mixture will strongly lower the contribution of the latter

phases.

The Raman signature of any compound that structure is built with one or many strong

covalent-bonded vibrational units, can be separated in four groups (Gouadec & Colomban,

2007a):

i.  (symmetric) stretching modes, for instance Fel-O and/or Fell-O modes peaking in the
400-700 cm-! region for oxides, 300-600 cm-! for chlorides , 200-400 cm-! for sulphides. In
symmetric modes, the strongest ones, only oxygen atoms move and thus the peak
wavenumber mainly depends on the Fe-O distance (Vucinic-Vasic et al., 2006). These
modes are very sensitive to oxygen vacancies that broaden the peaks.

ii. bending modes peak at lower energy, namely 400-500 cm-! range for oxides or less for
chlorides, sulphides,... They are very sensitive to the short range disorder in the first
neighbouring shell (1-5 nm around the chemical bond) and their broadness can be very
informative on the short-range (dis)order. Because the mean symmetry often brokes the
symmetry of the vibrational units, many components are frequently observed.
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iii. librational (orientational oscillations, 150-400 cm! range) and lattice modes (<200 cm?).
Librational modes are very sensitive to the short range disorder of the vibrational
entities (e.g. FeOy tetraedron); lattice modes reflect the long range crystalline order, like
X-ray diffraction, and strongly depend on atom mass (YM).

iv. additional features (combination, harmonics,...) consisting bands between 1000 and
1500 cm: their origin lies in the interaction between electronic (and magnetic, see e.g.
(Morke et al., 1980)) levels and the light because the laser beam wavelength interacts
with the electronic levels. The high intensity of these bands facilitates the phase
identification. On the other hand the high light-matter coupling leads to a strong
heating under the laser spot: temperatures close to 500°C can be easily achieved. The
temperature does not depend on the laser power and objective magnification only but
also on the heat dissipation (Gouadec et al., 2001): the dissipation is often better for
small aggregates but matrix effects are important. Measurements at low temperature
(liquid N) or in water should be preferred .

Taking into account the above rules it is obvious that the narrow low wavenumber peaks of
lepidocrocite, hematite, goethite and some hydroychlorides are characteristic of crystalline
phases. The strong intensity of their lattice modes is typical for layered materials. Replacing
atoms by heavier ones (O/Cl for instance in hydroxychlorides) shifts the lattice modes
toward lower wavenumbers and broadens the different components. The relationships
between haematite, lepidocrocite, goethite and akaganeite on one side (both phases having
AB derived packing, Fig. 2), and on the other hand magnetite, maghemite, ferrihydrites
(ABC packing) are obvious (Colomban et al., 2008). Partial substitution modifies the
bandwidth (Cvejic et al., 2006).
Detection of "pure" hydroxides (white rust), carbonates and sulphates (black rust) is very
easy because of the narrowness of their stretching mode (1020-1100 cm! range) and because
reference spectra are well documented (Karr Jr, 1975; Nakamoto, 1997)). Furthermore, high
power of illumination can be used for non-coloured phases. Actually, in most of the
practical cases, corrosion films are made of complex intergrowths at the nanoscale, giving
rise to mixed oxyhydroxycarbonates/sulfates/etc. with complex Raman signatures because
of the solid solutions formation, intimate mixtures of ill-crystallised phase with a very small
grain size. Synthesis and characterisation of reference compounds are complex (handling in
CO,- and/or water-free media, redox control...). Fig. 4 shows spectra recorded on
galvanized steel sheets corroded in real conditions. In most of the cases fluorescence, a
phenomenon in competition with Raman scattering but more efficient, gives rise to a strong
background for real samples (galvanised steel coupons have been cut from vehicles that
have been in circulation for years in severe weather conditions). The fluorescence often due
to microbiological activity can be eliminated by H>O, or ~500°C thermal treatment (furnace
heating or laser cleaning). On the other hand, spectra free of fluorescence background are
easier recorded on coupons accelerated corroded at the laboratory. Indeed, reagents are
simpler and cleaner. However, the most stringent point is that formed phases are often
different. It is clear that many improvements on the procedure to conduct accelerated tests,
more representative for real corrosion have to be made.

For specific applications special coatings like Cr(AI)N, NiCrAlY (Colomban et al., 1999) or

polyaniline films (Delichere et al., 2007; Bernard et al., 2002; Nguyen et al., 2004) are used.

This requires special database.

Note that Raman analysis is possible through a layer, inorganic (enamel, ceramic matrix

(Wu et al, (1997); Gouadec et al.(1998)) or organic one (paint, e.g. Colomban et al., 2008).

Typically, good Raman signatures are obtained up to 20 to 40 um below the surface.
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Fig. 3. Example of the decomposition of the Raman spectrum of a corroded film using the 3
signatures of pure reference phases. The appropriate program was then ran to adjust the
data in all the mapped area with these combination spectra and to image the protective
ability index in all the studied area (adapted from Gouadec et al., 2010). Note the very
narrow 250 cm-! peak characteristic of Lepidocrocite layer structure and the strong 2nd order
features at ~1350-1400 cm! of spinel derived ill crystallized phases.
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Fig. 4. Example of Raman signatures recorded in different spots of a corroded galvanized
steel sheet with the sequences a) steel/ Zn-based coating/phosphate coating/epoxy-TiO;
paint and b) steel/ZnFe coating/ZnNiMn coating/ epoxy-TiO, paint; accelerated (Acc) or
real (R) corrosion conditions (after Colomban et al., 2008).
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2.3 Semiquantitative analysis and phase mapping
Raman mapping is most valuable to point out subtle composition and structure
modifications taking place from one place of a sample to another. The images are obtained
by extracting pertinent parameters from the hyperspectral map, which is a collection of
individual Raman spectra, each being associated with a given point on the sample surface
(Turrell, 1996; Colomban, 2003).
The great advantage of the automatic mapping procedure is the achievement of a more
representative view of the present phases. However, the visual selection of the spot to be
analysed is very subjective and leads to neglect places where the optical focus view through
the microscope objective looks poor (low contrast, roughness,...).
Using the parameter(s) extracted from each spectrum (peak intensity, wavenumber shift but
also grain size, defect concentration, etc.), it is possible to build a map of the investigated
area the so-called smart image (Colomban, 2003). The following requirements are mandatory
to record and exploit Raman mapping (Gouadec et al., 2010):
i.  the analysed area must be horizontal and the roughness smaller than the vertical height
of the laser spot (typically, ~10 pm for x100, ~50 pm for x50 magnification objective,...)
ii. the horizontal resolution, i.e. the laser spot diameter ( less than ~1 um for x200, ~5 um
for x100, ~10 pm for x50 magnification objectives) combined to the stage step (~ 0.1um
or more) must be compatible with the material / phase/ grain size.
iii. the analyzed area must be chosen in order to be representative of the different
topological features but limiting the number of spectrum to be collected and processed
to built smart images (Colomban, 2003; Havel et al., 2004; Havel & Colomban, 2006;
Gouadec et al., 2010).
The image resolution will thus depend on the optical parts (objective and spectrometer), the
laser beam quality (alignment, fundamental mode), the sample (parasite refractions at
interfaces, roughness), Raman signature contrast, light absorption and penetration in the
sample as well as the stage motion step, usually up to 0.1 pm....
The mapping has been used to understand the long term atmospheric and in soil corrosion
taking advantage of the big thickness and large grain size of corrosion films (tenths of
microns) present in heritage buildings (cathedrals, churches,...) and archaeological artefacts
(Neff et al., 2005; ibidem, 2006; Monnier et al., 2010). Archaeological and Cultural Heritage
artefacts are however considered as good analogues for the understanding and prediction of
iron alloys corrosion behaviour in soil and in atmosphere, and hence to determinethe
lifetime of over-containers used to protect the vitrified nuclear waste.
The Raman technique has also been used to compare the thinner (~1-3 um thick) corrosion
films obtained on automotive galvanized steels in accelerated corrosion tests, at the
laboratory, and in real use (intense corrosion for used cars in severe mountain weathering
conditions (temperature, water, salt (Colomban et al., 2008)). Raman analysis in the bottom
of the pits formed by the corrosion is possible using long focus, large aperture high quality
objectives.

3. New challenges

The current challenges are i) the development of data bases of complex mixed and
nanosized phases, ii) the improvement of procedures/data treatment for two dimensional
(2D) and three dimensional (3D) Raman mapping and iii) a better understanding of the 2nd
order Raman signature of coloured phases in order to obtained smart imaging of pertinent
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parameters, for instance to image the phase amount ratio that has been proposed to
establish if the corrosion is passive or active (Kashima et al., 2000).

3.1 Mixed oxides and oxyhydroxicarbonates

Although the reference signatures of pure iron oxides are well established, those of the
mixed compounds like spinels associating Fe, Mn, Cr, Ni,... atoms or of
oxyhydroxycarbonates, hydrated or not, are very poorly documented (Colomban et al.,
1999; Colomban et al. 2008; Cvejic et al., 2006). These phases may be unstable under the laser
spot and may transform into more stable ones having different structure. Furthermore, for
many films it is not established if the matter consists in a mixture, a phase or nanoparticles
with another phase covering the grain surface. In many cases, because of the sample colour
and its absorption of the laser light by electronic level, the interaction with electronic levels
is anymore virtual and Raman (pre)resonance phenomenon is observed: the Raman
intensity concentrates in some modes, a (small) wavenumber shift is observed and
harmonic/combination second order peaks become visible. Note that in situ measurements
under controlled electrochemical condition allow to record nice vibrational signature.
However the representativity of these signatures is not straightforward because the real
conditions are more complex what can promote the formation of other minor phases with
stronger Raman cross section.

3.2 Controlling the analysed area

Most of the phases formed on the metal surface are coloured and hence absorb the light.
Consequently the penetration depth of the light depends on the absorption coefficient. For
dark phase the depth can be very limited and the information obtained from a mapping is
perturbed: the analysed thickness will vary from spot to spot and correction is not possible.
From a practical point of view, microscope objectives are usually characterized by the
numerical aperture NA:

NA = n sin(Opack) 3)

In Eq (3), Ovack is the maximum collection angle for the backscattered light and n is the
refractive index in the medium between the sample and the microscope lens (Fig. 5). The
numerical aperture is a key parameter because it sets the resolution R of the microscope,
defined as the shortest spacing for two points on a sample surface to be resolved with A
wavelength observation (see references in Gouadec & Colomban, 2007a; Gouadec et al., 2010):

R=0.61/NA 4)

Since the optics of ultraviolet light devices are expensive and not very efficient, the lasers
offering violet (~450 to ~400n) or deep violet (~365 nm) excitations are preferred to obtain
the best resolution. Actual laser beams are not perfectly parallel (this has been exaggerated
in Fig. 5) and their focusing through a microscope lens gives an elongated volume called the
focal domain or focal cylinder. The diameter ¢(z) of the focal domain at z axial coordinate
must be defined arbitrarily as the electric field obviously does not drop to zero for a definite
r distance away from the optical axis. The radial decrease of the electric field in a laser beam
actually obeys a Gaussian law. Similarly to the lateral resolution, the in depth Az or axial
(~¢(z)) resolution of Raman spectroscopy can not be defined unambiguously. Indeed, the
laser intensity does not drop to zero for a given z value and one has to choose an arbitrary

www.intechopen.com



Potential and Drawbacks of Raman (Micro)Spectrometry for the
Understanding of Iron and Steel Corrosion 577

threshold (the Raman efficiency shows order of magnitude variation that makes the choice
very difficult !). Az also depends on the generally unknown refractive index of the studied
compound.

In confocal Raman microscopy set up, pinholes are placed in the microscope at intermediate
image planes, resulting in a better in-depth discrimination power but a great increase of the
counting times, 10 times and even more ! In that case, the integrated intensity coming from a
given plane perpendicular to the optical axis is no longer a constant but, rather, decreases by
50% between the focal plane (z=0) and AzZconfocal (the half width of the so-called point spread
function). The use of confocal pinholes goes with a lateral resolution improvement of about
one third but confocal microscopy interest mainly consists in the possibility to select sample
layers axially. However, even with the best dry (n=n.;=1, NA=0.95) or oil immersion
(n=1.51, NA=1.4) objectives, and in the most favourable case of a violet excitation (e.g. A~407
nm), ¢spot Will remain above 275 nm (Eq. (4)). The use of high quality (expansive) objectives
is often more efficient that the confocal setting. Note bias polishing enlarge the topological
resolution and micronic films can be easily analysed by the Raman technique (Gouadec et
al., 2001).

Consequently the spatial repartition and relative proportion deduced from a Raman
mapping may be interpreted with caution. The information can be however very useful to
characterise the evolution of the corrosion film as a function of time, temperature, external
parameters, etc.
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Fig. 5. a) Intensity distribution of the illuminating laser spot as a function of the de-focus
(after Colomban, 2003) ; b) schematic comparison of the focus in a non-absorbing medium
with and without the use of a confocal pinhole in the optical system. Note the very limited
penetration for coloured material (after Gouadec & Colomban, 2007a).

3.3 Understanding at the nanostructure scale

The decrease of the grain size (D, see Fig. 6) makes that atoms at the particle surface or
atoms having their chemical bonding perturbed by the vicinity of the surface (t: distance
where the surface perturbs the structure and chemical bonds) become more important than
the bulk atoms when the particle size drops below 30 to 5nm as a function of elements and
chemical bonding. Vacancy concentration is maximal close to the surface and adsorbed
species can be present: hydroxylation, water, etc.
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Fig. 6. Schematic of the relative contribution of skin/bulk matter for a particle as a function
of its size: for a nanosized grain les than 1-10 nm in diameter the contribution of the surface
atoms is very dominant (after Colomban, 2003).

The disorder modifies the Raman signature: symmetry exclusion can disappear leading to
the activity of new components. The most prominent effect is the modification of the Raman
peaks shapes. A reliable analysis of the Raman spectra requires the use of appropriate
modelling to describe the band shape of the different spectral components (Gouaced &
Colomban, 2007a, Chi et al. 2010).

The use of simple Gaussian and Lorentzian band profiles is often preferred than the Voigt
profile; many fitting modules misleadingly name Voigt profile the simple sum of one
Lorentzian and one Gaussian, as both depend on three parameters rather than four. The
exact position, intensity, width and lineshape of each band depend on many different
parameters such as the actual chemistry (neighbouring inclusions, substitutions or
vacancies), crystallinity, domain size, phase orientation and corresponding polarization
effects or thermomechanical stress (anharmonic effects). In grains much larger than the
wavelength, phonons propagate almost in the same way as in perfect "infinite" crystals.
When the grain size falls below a few tens of nanometers, the Phonon Confinement Model
(PCM) accounts for the phonons coherence length limitation by a weighed exploration of
longitudinal optical dispersion curves (see Gouadec & Colomban, 2007a nd 2007b and
references herein). Below a certain size, the very notion of collective vibrations disappears
and the Elastic Sphere Model (ESM) takes over, using first principle description of low
wavenumber vibrations in a "free-standing", homogeneous (constant density) and elastic
sphere (Fig. 7). In this scheme, the wavenumbers of the two most intense modes are
inversely proportional to the grain size (Fig. 6).

Dielectric . Elastic : Phonon
continuum ; sphere  : confinement | Crystal

approximation . model |  model :
1 ~5 ~10-15 ~50 100

Grain size / nm

Fig. 7. Modelling spherical nanocrystals vibrations as a function of the grain size (after
Gouadec & Colomban, 2007)
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3.4. Understanding the corrosion mechanisms and anticipating the evolution
Although the phenomelogical description of corrosion has received attention since long time
from the electrochemical and thermodynamical points of view, the understanding of the
mechanisms from the solid state chemistry point of view remains very limited. For instance,
many phases contain protons in different forms and data on proton conductivity are very
scarce (Colomban, 1992). Vibrationnal spectroscopy can be very useful to document the
structural changes associated to ion diffusion.

The action of micro-organisms was poorly documented from the spectroscopic point of
view. Microbiollogically influenced corrosion is used since millennia to improve the
plasticity of kaolin and clays by chemical modifications of silicates. This results from both,
the direct action of microorganisms and the indirect one via the species generated by their
metabolic activity. For iron-based materials, the phenomenon is induced in anoxic
environments by sulphate-reducing bacteria (SRB), microorganisms that produced sulphide
species. Thus, in media where sulphides are not naturally present, the observation of Fell
sulphides (all sulphides have their stronger peak at ~250-350 cm-!) inside the rust layer may
be a clear indication that SRB were active and play a role in the corrosion process. The
heterogeneity of the biofilm that covers the metal surface can lead to a galvanic interaction
between regions of microbial activity and the surface. This leads to locally accelerated
corrosion pits (Videla & Characklis, 1992; Marchal, 1999; Beech & Sunner, 2004; Little & Lee,
2007). When metal is associated with organic materials (some paints, films used for
"conservation" treatments of archaeological artefacts, ...), consequence of microbiologically
induced corrosion can be severe when contact with air: cracks occur due to the volume
increase associated to iron oxidation and simultaneously sulphuric acid is produced. Raman
study confirms that FeS (mackinawite) is very reactive towards oxygen (Remazeilles et al.,
2010).

4. Conclusion

During decades Raman spectroscopy remains a useful technique for solid state physics and
chemistry, giving valuable information about the structure and the reactivity of colourless
single crystals. Then, clean polycrystalline, ill-crystallized samples can be analyzed. The
high sensitivity of the modern instruments makes it possible to study any kind of samples if
a palette of exciting laser wavelength is available to avoid detrimental pollution of the
Raman information by strong fluorescence phenomenon. Very recently the potential of
algorithmic methods to extract pertinent information from the spectra dominated by the
fluorescence has been demonstrated (Widjaja et al., 2010) and the application of the Band-
Target Entropy Minimization (BTEM) or similar techniques to the “poor” Raman signature
of certain corrosion films appears very interesting.
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