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Abstract

Phase identification of corroded metal objects might be problematic because corrosion products are usually a
complex mixture of different phases. Furthermore, some of present phases may be either semi-crystalline or
amorphous. The most suitable procedure is to use X-ray diffraction (XRD), for identification of crystalline
phases in bulk, in combination with micro-Raman spectroscopy to obtain information on smaller scale and
given location. Micro-Raman spectroscopy identifies crystalline and semi-crystalline phases. The literature
also reports of the application of Mdssbauer spectroscopy to identify amorphous phases. In this work, the
combined use of Fourier-transform infrared spectroscopy (FTIR) and Raman spectroscopy is evaluated. The
methods may be interchangeable to some point. But is it safe to assume that all phases present can be
detected?
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1. INTRODUCTION

Corrosion products of iron are a complex mixture of crystalline, semi-crystalline and sometimes amorphous
oxides and oxy-hydroxides. Information about their identification and spatial distribution within the corroded
body is of interest for the comprehension of the corrosion processes, for corrosion protection and in
preservation of cultural heritage [1-6]. The strong overlap of the signals from the components in such complex
samples, forces the scientist to resort to a combination of analytical techniques. One common approach used
to identify the phases present in iron corrosion products, is to combine XRD, Raman spectroscopy and
Mdossbauer spectroscopy [5-7]. The combination of XRD with FTIR and Mdssbauer spectroscopy has been
also reported [8,9]. Sometimes Energy-dispersive X-ray spectroscopy (EDS) is used alone without additional
phase analysis [1-3] or in combination with XRD and Raman. Scanning electron microscopy (SEM) is useful
to optically verify the crystalline structure of corrosion products [4,10]. Given that Méssbauer spectroscopy
might not be available, could another combination of analytical techniques provide suitable results for phase
identification? Samples used in this paper are from the specimen obtained from main railway station in Prague
used in a previous work [11]. XRD characterization of corrosion products was already done previously [11,12]
therefore has not been replicated here.

2, METHODOLOGY

For the phase analysis of the corrosion product layers, both micro-Raman and FTIR were used on the samples
prepared for microscopic observations as shown in previous work [11]. Samples were obtained from the same
specimen embedded into Araldite resin. Cross-sections of these samples have been prepared by grinding and
polishing. Linear and area mapping have been performed at selected locations on the sample. Mapping was
used to verify the layered structure observed under optical microscope.

Raman spectra were collected on the DXR Raman microscope (Thermo Scientific). Experimental setup was
as follows: spectral range 1800-50 cm'; mapping step 1 and 10 um; grating 1800 lines per mm; spectral
resolution 2 cm-"; focusing 20%; 0.1 mW laser power at 532 nm wavelength.
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ATR FTIR spectra were collected using infrared microscope Nicolet iIN10 (Thermo Scientific) equipped with a
liquid nitrogen cooled MCT detector, KBr beamsplitter and germanium micro attenuation total reflectance
(ATR) crystal. Experimental setup was as follows: line mapping step 20 and 50 um; rectangular aperture
20x100 um; 128 scans per spectrum; spectral range 4000 - 675 cm-"! using the spectral resolution 8 cm-".

3. PHASE IDENTIFICATION - DISCUSSION

Data have been collected using ATR-FTIR and micro-Raman spectroscopy perpendicular to the corrosion
product layers. Spectra obtained by both methods showed that the layered structure observed under optical
microscope reflects differences in the layer composition. Thickness of maghemite layers observed under
optical microscope is in most situations 5-10 ym. Unlike micro-Raman, in case of the ATR-FTIR technique,
because of the low spatial resolution compared to the layer thickness, maghemite spectra have not been
measured as a single phase spectra but as a combination of bands corresponding to two phases, maghemite
and goethite.
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Figure 1 Example of FTIR spectra obtained from different layers. Significant peaks of lepidocrocite - L,
significant peaks of goethite -G

Lepidocrocite (yFeOOH) and goethite (aFeOOH) could be easily distinguished in the FTIR spectra by their
characteristic absorption bands. Namely, at 799 (795) cm™' and 889 (883) cm™', for goethite, and at 748 (750)
cm-' and 1019 (1020) cm-! for lepidocrocite. They are in excellent agreement with literature values, reported
in parenthesis [13]. Two examples of collected spectra are illustrated in Figure 1. Some of the spectra showed
magnetite (FesOa4) - characteristic absorption band at 590 (588) cm-" [8], but also contained goethite.

According to literature [8,13] absorption bands of iron oxides are near the edge between mid-IR and far-IR or
directly in far-IR [14,15] region. The case of magnetite and maghemite (yFe203) is of relevance here. Iron
oxides in mid-IR have bands in same position and show strong overlap, thus, ATR-FTIR in mid-IR alone may
not be sufficient for phase identification of corrosion products. Additional analysis of sample in form of tablet
with KBr was used in exchange of mapping capability wavenumber range was increased (4000-450 cm).
Powdered sample 1 was measured in transmission mode in form of KBR pellets. The spectrum obtained
showed bands at 625 and 590 cm-'. Low intensity band around 565 cm-', could be identified. There might be
other bands present there, but could not be clearly identified do to sloped baseline. According to [16],
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maghemite bands are at 630, 590, 570, 450 and 400 cm', magnetite bands at 590 and 400 cm-!, hematite
(aFe203) bands at 540, 470 and 400 cm-".
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Figure 2 Raman spectra of identified phases

Micro-Raman spectra of pure phases could be obtained, taking advantage of the possibility of focusing the
laser beam on a small area (c.ca 1 micron) as shown on the Figure 2. Lepidocrocite, goethite and maghemite,
the first two detected also by ATR-FTIR, have been identified in Raman mapping. Lepidocrocite is present
either on the surface of the corrosion product or on the surface of cracks in the corrosion products, where the
crack is connected to the outer surface. Inside the corrosion product, the layered structure containing goethite
and maghemite, each in separate layers, can be optically distinguished, as observed in the obtained maps on
the Figure 3.
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Figure 3 Area of sample showing the corner of the sample. On the left side as seen with the microscope of
the micro-Raman instrument (overlay showing the 2D scanning matrix on scale). On the right side intensity
contour map of maghemite is shown. Intensity is decreasing from red to blue.

As noted above, the thickness of maghemite layers was below the ATR-FTIR spatial resolution employed,
resulting in mixed goethite-maghemite spectra.
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Literature sources [17] also suggest the possibility that the Raman spectra previously identified as maghemite
might be in fact superposition of maghemite and magnetite. This may be clear by observing the spectrum of
maghemite in Figure 2, since, magnetite has significant peak at 672 cm' and additional two low intensity
peaks at 535 cm-' and 300 cm-'. It is worth mentioning that formation of maghemite by conversion of magnetite
under effect of laser used in Raman spectroscopy, has been also reported [11].

Summarizing findings of both methods: lepidocrocite and goethite have been detected by both methods with
no doubt. Additional phase which is not iron oxy-hydroxide is present. By using only ATR-FTIR Nicolet iN10
“some iron oxide” may be identified. By combining FTIR and Raman analysis bands of iron oxide present in
the corrosion products could be identified as maghemite.

ATR-FTIR with mapping capability could be used to identify lepidocrocite and goethite. For proper phase
analysis of iron oxides far-IR range was needed. In case far-IR is not accessible, the XRD should be used for
this purpose.

In conclusion, to take advantage of the combined use of the two techniques, one can do a fast mapping of the
surface of interest with FTIR and focus on the details of interest with micro-Raman, which is more suitable as
a local technique.

For identification of iron oxides, extension of the range to the far-IR region, is recommended.

4, CONCLUSIONS

Presence of lepidocrocite and goethite in the specimen has been confirmed by both methods. Maghemite was
identified when ATR-FTIR method with broader wavenumber range capable to analyze far-IR was used.

Compared to micro-Raman, ATR-FTIR mapping can be done significantly faster, unless imaging detector is
used. The map would not be so detailed compared to micro-Raman, due to the larger aperture used. To obtain
the best from both techniques, preliminary, albeit low resolution, 2D map of large areas of the sample, can be
collected, and particular interesting zones could be selected to be further observed by area 2D area mapping
using micro-Raman. As used in previous works [11,12].

Base starting point is to have the phase identification of the bulk sample, for which XRD is suitable method.
FTIR itself could not replace Mdssbauer spectroscopy, which is, on the other hand, not as common as FTIR,
but in the combination of several other analytical methods such as XRD and micro-Raman it can be used to
phase identification of the sample.
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