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We consider next the thickness of the patina formed, in particular the thickness of the cuprite
and brochantite/antlerite sub-layers. Figure 3 exhibits the cross-section of the patina and adjacent
substrate (a) and the corresponding elemental distribution of oxygen and sulfur relative to the sum of
(copper + oxygen + sulfur) (in atomic %) based on EDS analysis (b) of the copper patina formed at the
Royal Summer Palace in Prague. It is evident that the relative sulfur- and oxygen-distributions
show two levels. An inner sub-layer close to the substrate is characterized by an insignificant
sulfur-level and a lower oxygen-level, while an outer sub-layer is characterized by both higher sulfur
and oxygen levels relative to the inner sub-layer. There is substantial evidence that this inner layer
consists of cuprite and the outer layer of brochantite, antlerite or both, where their formation rate
strongly depends on prevailing environmental and pollutant conditions [19,20]. Detailed studies
of the evolution of copper patina in different exposure sites have provided great evidence that the
inner cuprite layer forms instantaneously when copper is exposed to air, and then continues to grow
during extended exposure time. In more sulfur-rich atmospheres, the growth of the patina results in
antlerite (Cu3SO4(OH)4) as the end product, with strandbergite (Cu2.5SO4(OH)3·2H2O) as a precursor.
In less sulfur-rich atmospheres the end product of patina growth is brochantite (Cu4SO4(OH)6), with
posnjakite (Cu4SO4(OH)6·H2O) as a precursor [20]. In order to distinguish the end products brochantite
and antlerite from each other it is necessary to use X-ray diffraction. In the current investigation,
which is based on SEM/EDS alone, we denote the outer layer as brochantite/antlerite with no further
distinction between the two sulfur-containing phases. However, a more detailed analysis of the patina
formed at the Royal Summer Palace in Prague and based on X-ray diffraction is the subject of a later
publication [18].

Figure 3. Cross-sections of the patina and adjacent substrate (a,c) and the corresponding elemental
distribution of oxygen and sulfur relative to the sum of (copper+oxygen+sulfur) (in atomic %) based
on Energy Dispersive Spectroscopy (EDS) analysis (b,d) of copper patina formed at the Royal Summer
Palace in Prague (a,b) and at Kronborgs Castle (c,d), respectively.
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In an analogous way, the results in Figure 3c,d provide evidence of the existence of two sub-layers,
cuprite and brochantite/antlerite, for the patina formed at Kronborgs Castle. An interesting difference
is that the cuprite layer thickness on average is higher on Kronborgs Castle material than on the
material from the Royal Summer Palace.

Table 3 compiles thicknesses of the cuprite and brochantite/antlerite sub-layers determined for
the patinas of all historic materials. The average thickness was obtained by measuring the area of
each patina layer of five SEM cross-section images (≥90 μm × 65 μm) of each material. A large
variation in thicknesses of both sub-layers can be seen. The average cuprite thickness ranges from
around 1 μm (Helsinki Cathedral) to around 10 μm (Basilica Maria Dreieichen), while the average
brochantite/antlerite thickness varies from less than 10 μm (Helsinki Cathedral) to around 42 μm
(Royal Summer Palace). The thickness ratio ((brochantite/antlerite)/cuprite) between the sub-layers
also varies with an order of magnitude from 10.6 (Royal Summer Palace) to 1.1 (Otto Wagner Church).

Table 3. Approximate average thicknesses with standard deviation (μm) of the two sub-layers and
the corresponding data for the ratio of brochantite/antlerite sub-layer and cuprite sub-layer. Data
in brackets show corresponding minimum and minimum thickness values (μm). The data were
obtained through measurements of five different cross-sections of the patina using SEM images
(≥90 μm × 65 μm) for each material.

Exposure Site
Thickness of
Cuprite (t1)

Thickness of Brochantite/
Antlerite (t2)

t2/t1

Royal Summer Palace, Prague 4.2 ± 3.3 (1.2, 8.2) 42.5 ± 11.8 (30.7, 52.5) 10.6 ± 6.1
Mausoleum, Graz 9.1 ± 4.4 (3.3, 13.7) 13.3 ± 14.5 (7.8, 33.8) 1.5 ± 1.4

Drottningholm Castle, Stockholm 9.5 ± 6.1 (3.4, 17.4) 23.4 ± 11.3 (11.7, 30.2) 2.5 ± 1.5
Basilica, Maria Dreieichen 9.9 ± 6.9 (3.1, 15.5) 11.2 ± 5.2 (6.1, 17.5) 1.2 ± 0.9

Helsinki Cathedral 1.1 ± 0.7 (0.8, 1.8) 8.7 ± 2.1 (6.7, 9.1) 8.1 ± 3.2
Kronborgs Castle, Elsinore 4.1 ± 3.9 (1.0, 8.1) 15.4 ± 6.2 (9.5, 22.9) 3.7 ± 2.6

Otto Wagner Church, Vienna 9.7 ± 4.8 (4.4, 16.1) 10.6 ± 6.8 (5.5, 17.9) 1.1 ± 0.9
Church in Old Town, Stockholm 10.3 ± 6.6 (3.6, 13.2) 17.4 ± 5.9 (14.4, 24.3) 1.6 ± 1.5

It is interesting to compare these ratios with available information from patinas formed on
commercial sheet copper during contemporary periods rather than historic ones. Reference [20]
contains a rich set of data from sheet copper (DHP-Cu, >99.9 wt % Cu) exposed at 39 exposure sites
and exposure times of up to eight years, where the mass of the brochantite, cuprite and other sub-layers
have been determined. The brochantite/cuprite thickness ratio from Prague after eight years, for
instance, shows a thickness ratio of around 1.25, and corresponding thickness ratios for all other sites
also give values of around 1.25 or lower. Therefore the cuprite layer is much more dominating in
patinas formed on DHP-Cu than in historic patinas, and they also exhibit more uniform sub-layers
than historic patinas. Figure 4a is an example of such modern sheet copper (DHP-Cu, >99.9% Cu,
0.02%–0.1% P, by weight), which is basically free of inclusions (if present < 1 μm) due to its purity.
Figure 4b shows the substrate after exposure in a marine test site (Brest, France) for five years. It is
evident that the inner cuprite layer has a thickness that clearly exceeds the thickness of the outer layer,
in this case atacamite (Cu2Cl(OH)3). The formation of atacamite is due to the dominance of chlorides
in the marine test site of Brest, as opposed to all other sites investigated herein, where the chlorides
obviously were not present in sufficiently high concentrations to detect any atacamite.
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Figure 4. Overview SEM-image of a cross-section of modern sheet copper (Desoxidized high phosphor
copper (DHP-Cu)) with patina (a); More detailed view of cross-section of patina after 5 years in a
marine test site of Brest, France (b). The inner layer consists of cuprite, the outer layer of atacamite.

In all, the results so far show that patinas formed in historic times to a much greater extent are
dominated by a brochantite/antlerite layer and by more inhomogeneous and fragmented sub-layers.
Patinas formed on commercial DHP-copper, on the other hand, possess a more dominating cuprite
layer whereby both sub-layers are characterized by a much higher homogeneity. It should be added
that the thickness ratio brochantite/cuprite may change over exposure time for a given exposure
situation. This was demonstrated by Fitzgerald et al. for copper exposed in Brisbane, Australia, over
a time period of 140 years. The study suggested different growth mechanisms for the two layers:
the growth of the inner cuprite layer is controlled by diffusion of cuprous ions through cuprite, while
the growth of the outer brochantite layer is controlled mainly by precipitation from the aqueous
ad-layer of the ionic species, involved [21].

Nevertheless, the question is to what extent the brochantite/cuprite thickness ratio may depend
on the copper substrate characteristics, in particular those of the inclusions. By comparing the
thickness ratio (right column of Table 3) with data on inclusion properties (Table 2), it can be
concluded that neither the inclusion density nor their elemental composition can be used to explain
the brochantite/cuprite thickness ratio or the patina homogeneity. However, when plotting the
maximum size of the inclusions (Table 2) in the different historic copper materials against the observed
brochantite/cuprite thickness ratio, a surprisingly good correlation is obtained (Figure 5).

 

Figure 5. Relation between the thickness ratio of the brochantite/cuprite layer, (t2/t1), and the
observed maximum size of inclusions within the copper substrates of the historic copper materials
from the various exposure sites. The dotted parabolic line is only included for guidance–with no
physical meaning.
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It is clearly seen that the brochantite/cuprite thickness ratio increases continuously with the
maximum size of the inclusions. The error bar for the maximum size is based on the different observed
maximum values of inclusion sizes obtained on each investigated 300 μm × 300 μm area, and presented
as average values with standard deviation. The figure also shows a dashed line which is the result
of a parabolic fit (with no underlying physical meaning) of all data points. When extrapolating the
data to a maximum inclusion size of 0 μm, a thickness ratio of around 1.1 is obtained. This value is in
good agreement with observations based on patinas formed on sheet DHP-Cu, as mentioned above
(see further reference [20]).

4. Discussion

In what follows, a mechanism is proposed to explain why the inclusion size may be of
importance for the reduced uniformity of the patina and the increase in thickness ratio between
the brochantite/antlerite sub-layer and the cuprite sub-layer, as indicated in Figure 5. The discussion
starts by analyzing the electrochemical nobility of some larger inclusions found in the historic copper
materials. From the elemental analysis of the inclusions analyzed (see Table 3), it is evident that at least
three types of inclusions can be identified: lead-antimony-oxygen-rich inclusions (such as rosiaite)
seen in, e.g., the Royal Summer Palace sample; cuprite-rich inclusions seen in the Kronborgs Castle
substrate; and copper-antimony-nickel-oxygen-rich inclusions seen in the Mausoleum Graz substrate.
These three types of inclusions were analyzed by AFM-based Scanning Kelvin Probe Force Microscopy
to reveal the Volta potential of the inclusions relative to the surrounding copper matrix. The results are
displayed in Figure 6.

 

Figure 6. SEM-images (a–c), the corresponding atomic force microscopy (AFM)-based topographies
(d–f) and AFM-based Volta potential images (g–i) of three types of inclusions: lead-antimony-oxygen-
rich inclusions (such as rosiaite) observed in the substrate of the Royal Summer Palace sample (a,d,g);
Cu2O (cuprite)-rich inclusions in the substrate of the Kronborgs Castle material (b,e,h); copper-
antimony-nickel-oxygen-rich inclusion in the substrate of the Mausoleum in Graz material (c,f,i).
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The SEM-images, Figure 6a (lead-antimony-oxygen), Figure 6b (cuprite) and Figure 6c
(copper-antimony-nickel-oxygen) show three representative inclusions. Their elemental composition
has been analyzed by EDS. Each sample has then been transferred to an AFM-microscope where the
same inclusions have been identified again (see Figure 6d–f). AFM-based Scanning Kelvin Probe Force
Microscopy [22] was subsequently used to obtain Volta potential scans of each inclusion (see Figure 6g–i).
As clearly seen, all inclusions show white areas in the Volta potential images indicating a relative nobility
of those inclusion areas that is higher than the surrounding copper matrix [23].

With a higher Volta potential it can be concluded that all three types of inclusions act as cathodes
relative to the copper matrix. An immediate implication of this is that the inclusions during the
atmospheric corrosion process trigger micro-galvanic corrosion effects in their immediate vicinity.
This may cause not only accelerated corrosion kinetics but also a different sequence of corrosion
product evolution than what would be expected without micro-galvanic effects [24], as illustrated in
Figure 7. The figure displays a cross-section of the interfacial region between the copper substrate
(light grey, lower part) and the patina (dark grey, upper part). As already shown in Figures 1 and 2, the
inclusions remain relatively intact during the oxidation of the copper metal surface forming a patina.

Figure 7. SEM cross-sectional image of the interfacial region between the copper substrate (lower part)
and the patina (upper part) of the historic copper material from the Royal Summer Palace in Prague.
White areas represent lead-antimony-oxygen-rich inclusions, light grey areas in the middle represent
cuprite, and dark areas in the upper part brochantite/antlerite.

Figure 7 has captured the moment when two electrochemically more noble inclusions than the
copper substrate (in this case two lead-antimony-oxygen-rich inclusions, white areas in the figure)
have reached the copper matrix/patina interface. The grey areas in the figure represent cuprite,
and the darker areas brochantite/antlerite. Near both lead-antimony-oxygen-rich inclusions the
brochantite/antlerite layer is in direct contact with the inclusions (as marked by two squares in
Figure 7), which has resulted in disrupture of the cuprite layer. A possible reason for this is the
higher relative nobility of all inclusions relative to the copper matrix, which results in more oxidizing
conditions and which therefore locally favors the formation of Cu2+-containing corrosion products
(such as brochantite or antlerite) at the expense of Cu+-containing corrosion products (cuprite). It is
well established that galvanic effects are favored by cathodic/anodic area ratios, and therefore not
surprising that the largest inclusions result in the strongest micro-galvanic effects.
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Therefore, the overall impact of the larger noble inclusions, such as those shown in Figure 7,
is to disrupt the patina bi-layer structure, resulting in a more fragmentized patina and a
brochantite/antlerite sub-layer, which, at least partially, grows at the expense of the cuprite sub-layer.
This electrochemically-based influence of large inclusions on patina structure may not exclude other
possible influences of the inclusions, e.g., the mechanical disrupture of the patina sub-layers. However,
exploring this issue further requires complementary investigations.

Considering the difference in microstructure between modern high-purity copper (e.g., DHP-Cu)
and historic copper materials, and also the fact that the protective properties of the patina layer
mainly have been attributed to the inner cuprite layer [21], the results suggests that high-purity
copper has a superior corrosion protective ability over historic ones. A demonstration of this was
performed by exposing DHP-Cu, which was diamond polished to 0.25 μm, and one of the historic
samples (Helsinki Cathedral), which was also diamond polished to 0.25 μm after removal of the
old patina layer, to an oxygen-free 0.1 M Na2SO4-solution. The results, as obtained with EIS, are
displayed in Figure 8a (Nyquist plot) and Figure 8b (impedance and phase angle). The spectra all
reveal two time constants, and an impedance modulus that is slightly higher for the modern copper
material compared to the historic one throughout the whole frequency region. The results suggest a
higher protective ability of the corrosion products formed on modern copper under current exposure
conditions. However, considering the long lifetime of historical copper roofs, even “lower quality”
copper exhibits an outstanding resistance to outdoor corrosion.

Figure 8. EIS spectra of Nyquist plot (a), impedance modulus (filled legend, (b)) and phase angle
(unfilled legend, (b)) for the polished modern (DHP-Cu) and historic (Helsinki Cathedral) copper
material during exposure in 0.1 M oxygen-free Na2SO4.

5. Conclusions

The historic naturally patinated sheet copper investigated herein shows an inhomogeneous patina
with an outer layer of brochantite (or brochantite/antlerite) that is much thicker than the inner layer of
cuprite. In modern sheet copper of higher purity (>99.9 wt %), on the other hand, the patina is more
homogenous with comparable thicknesses of the two sub-layers.

Oxidic inclusions in the size range of up to 40 μm were observed. Three types of inclusions were
identified: cuprite (Cu2O)-rich; rosiaite (PbSb2O6)-rich with a smaller fraction of cuprite; and oxides of
a mixture of mainly copper, antimony and nickel.

The thickness ratio between the brochantite/cuprite sub-layers varied from 1.1 to 10.6 between
the investigated materials of different age and exposure conditions. This thickness ratio seems to be
directly related to the maximum size of the inclusions found in each historic material. The observation
can be attributed to the higher relative nobility of all inclusions found, which creates micro-galvanic
effects when the inclusions reach the substrate/patina interfacial region.
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Abstract: Vibrational spectroscopy has been successfully used for decades in studies of the
atmospheric corrosion processes, mainly to identify the nature of corrosion products but also to
quantify their amounts. In this review article, a summary of the main achievements is presented
with focus on how the techniques infrared spectroscopy, Raman spectroscopy, and vibrational sum
frequency spectroscopy can be used in the field. Several different studies have been discussed
where these instruments have been used to assess both the nature of corrosion products as well
as the properties of corrosion inhibitors. Some of these techniques offer the valuable possibility
to perform in-situ measurements in real time on ongoing corrosion processes, which allows the
kinetics of formation of corrosion products to be studied, and also minimizes the risk of changing
the surface properties which may occur during ex-situ experiments. Since corrosion processes often
occur heterogeneously over a surface, it is of great importance to obtain a deeper knowledge about
atmospheric corrosion phenomena on the nano scale, and this review also discusses novel vibrational
microscopy techniques allowing spectra to be acquired with a spatial resolution of 20 nm.

Keywords: atmospheric corrosion; infrared spectroscopy; Raman spectroscopy; vibrational sum
frequency spectroscopy; VSFS; SFG

1. Introduction

The main aim of this review article is to illustrate how different vibrational spectroscopy techniques
are used in the field of atmospheric corrosion. Since the focus of this article is on the ability of the
various techniques, the main divisions of the sections have been based on experimental technique
rather than the metal or alloy studied, which is presented in subsection.

A significant number of the studies discussed here are model studies of metal surfaces exposed
to one or a few corrosive gases, thus in significantly less complex atmospheres than in natural
environments. Hence, the number of corrosion products formed will be lower, allowing for simpler
spectral assignments. Several of the studies discussed below focus on investigating indoor atmospheric
corrosion processes, which significantly differ from corrosion occurring outdoors due to the different
nature of the corrosive species present among other parameters. A summary of important gases found
in indoor environments is found in Table 1.

Two important properties of some of the vibrational spectroscopy techniques (e.g., infrared
reflection/absorption spectroscopy) are the ability to perform experiments in-situ and in real time,
as well as obtaining chemical information with a spatial resolution of 20 nm with the novel technique

Materials 2017, 10, 413 224 www.mdpi.com/journal/materials
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nano FTIR (Fourier transform infrared spectroscopy) microscopy. These two abilities, are crucial
parameters in revealing the mechanisms of atmospheric corrosion processes.

Table 1. Important corrosive gases in indoor environments [1,2]. Reproduced from [1] by permission
of The Electrochemical Society.

Species
Typical indoor

Concentration (ppb)
H b Equilibrium Solution

Concentration (μM)

O2 2.1 (8) a 1.7 (−3) 3.6 (2)
O3 18 1.8 (−2) 3.2 (−4)

H2O2 5 2.4 (5) 1.2 (3)
H2S 0.3 1.5 (−1) 4.5 (−5)
COS 0.6 3.7 (−2) 2.2 (−5)
SO2 30 1.4 4.2 (−2)
HCl 0.4 2.0 (1) 8.0 (−3)
Cl2 0 6.2 (−2) 0

NH3 10 1.0 (1) 1.0 (−1)
NO2 4 7.0 (−3) 2.8 (−5)

HNO3 3 9.1 (4) 2.7 (2)
CO2 6.0 (5) 3.4 (−2) 2.0 (1)

HCHO 10 1.4 (4) 1.4 (2)
HCOOH 20 3.7 (3) 7.4 (1)

CH3COOH 20 8.8 (3) 8.8 (1)
a 2.1 (8) means 2.1 × 108; b Henry’s law constant.

In several of the studies discussed below, complementary techniques such as scanning electron
microscopy (SEM), X-ray photoelectron spectroscopy (XPS), quartz crystal microbalance (QCM),
cathodic reduction (CR), and atomic force microscopy (AFM), have been used to characterize the
corrosion products, with the obvious advantage that the corrosion process can be examined from
different viewpoints. Although here the results obtained by these other techniques have not been
discussed in detail, the complementary techniques employed have been mentioned to demonstrate the
added value of combining various analytical techniques.

2. Results and Discussion

2.1. Overwiew

The vibrational spectroscopy techniques that are described below are infrared, Raman, and
vibrational sum frequency spectroscopy, and for each of these main techniques different subtypes
are described. Each section starts with a brief description of the theory behind the technique, and is
followed by a discussion how the technique has been used to study atmospheric corrosion of different
metals and alloys.

IR and Raman spectroscopy have different advantages and drawbacks when applied to studies
of atmospheric corrosion, and before summarizing specific studies a brief comparison between the
techniques is provided.

The spectral range covered by IR and Raman spectroscopy commonly differs, and usually Raman
spectroscopy can offer a wider accessible range in the fingerprint and group frequency regions.
In Raman spectroscopy the spectral region ~100–4000 cm−1 is commonly covered, whereas in IR
spectroscopy the lowest reachable wavenumber is usually around 600 cm−1 due to the cutoff frequency
of MCT detectors. With other IR detectors such as DTGS it is however possible to reach down to
around 80 cm−1, thus similar to Raman spectroscopy. However, even with other detectors than MCT,
the accessible wavenumber range with IR can be limited at lower wavenumbers by the transparency
of the windows possibly used in the system.
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In studies of local corrosion, confocal Raman microscopy has been used in a number of
atmospheric corrosion studies, and provides a spatial resolution of some hundreds of nm, which
is significantly better than conventional IR microscopy which at the best has a spatial resolution
of around 5 μm due to diffraction limitation. However, with novel techniques such as nano FTIR
microscopy it is possible to study the distribution of corrosion products with a spatial resolution
of 20 nm.

Infrared reflection/absorption spectroscopy (IRRAS) has commonly been used to perform in-situ
studies during an ongoing atmospheric corrosion process, and although such investigations would be
possible with Raman spectroscopy as well, such studies are rare.

IR spectroscopy has the advantage that the measured absorbance is directly proportional to the
amount of corrosion products formed, and hence quantitative measurements can be performed. Raman
spectroscopy is more of a qualitative technique, since the surface topography (e.g., surface scratches
and chunks of corrosion products) affect the scattered Raman signal.

Raman spectroscopy and some IR techniques such as IRRAS do not require any sample preparation,
which however is required for IR transmission and IR attenuated total reflection (ATR) studies of
corrosion products that have been scraped off the sample. In Raman spectroscopy the corroded surface
can be either shiny or dull, whereas in IRRAS a shiny sample is desired in order to have as much
IR radiation as possible reaching the detector. Further, IR spectroscopy requires the acquisition of a
background spectrum from, e.g., a gold surface or an uncorroded surface (frequently used in in-situ
IRRAS measurements).

A limiting parameter in performing Raman spectroscopy on corrosion products is the fluorescence
that usually arises from corrosion products. For instance, colorful corrosion products on copper (Cu I
or II oxide) cause a large fluorescence background, which sometimes overwhelms the vibrational
signature of the corrosion products. However, in some cases such fluorescence generation has been
used as an indication of the formation of specific corrosion products.

To conclude, the discussion above reveals that IR and Raman spectroscopy have different
advantages in examinations of corrosion products, and thus depending on the specific system that is
of interest, the most favorable technique should be chosen. In many situations these two spectroscopic
techniques can provide complementary information and could thus be combined.

2.1.1. Infrared Spectroscopy in General

Infrared (IR) spectroscopy owing to its abilities in providing chemical information is a widely
used technique in numerous research fields, and has also found great use in the field of atmospheric
corrosion, with the main aim of identifying the corrosion products formed. However, with certain
input parameters IR spectroscopy can also be used to quantify the amount of corrosion products.
IR spectroscopy has been described in a large amount of sources [3,4], and hence only a brief description
is provided here.

In infrared spectroscopy molecular vibrations are probed, and since different functional groups
absorb IR radiation of different wavelengths, the technique can be used to assist in the identification
of unknown compounds. The selection rules for IR spectrocopy are that the dipole moment has to
change during the vibration, and that the IR radiation must have a wavelength that corresponds to the
energy difference between vibrational states. In infrared reflection/absorption spectroscopy (IRRAS)
and additional selection rule for metal surfaces is that the molecular vibration must have a component
that is perpendicular to the surface plane.

IR spectroscopy can be performed in various modes depending on the type of sample that is to be
studied [5]. In the transmission mode, the corrosion products are scraped off from the surface, mixed
with for example KBr, and pressed into a pellet. The transmitted IR radiation through the pellet is
then measured. In order to use this technique, a fairly large amount of corrosion products is required,
since it is necessary to scrape them off from the surface and mix them into the pellet. In the attenuated
total reflection (ATR) mode (ATR), corrosion products also need to be scraped off from the sample,
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and they are placed on a crystal (e.g., diamond), which guides the IR beam to the sample in order
to acquire a spectrum. An advantage of ATR in comparison to transmission IR is that the corrosion
products can be studied directly, without the need of making a pellet. In diffuse reflectance (DRIFTS)
the diffusively reflected light from the powder of corrosion products is detected. When using infrared
reflection/absorption spectroscopy (IRRAS), an IR beam incident at a grazing angle of incidence (~80◦)
from the surface normal is reflected off the metal surface and detected. The advantage of IRRAS is that
ultrathin layers of corrosion products can be examined in-situ, and hence the technique is well suited
for studies of atmospheric corrosion processes. It also has the ability to provide information about
thin films of corrosion inhibitors. An advantage of IRRAS is that no sample preparation is required
(e.g., scraping off corrosion products from the sample). Instead, the sample is placed directly in the
spectrometer and a spectrum can be acquired.

When comparing IR spectra obtained by the different sub-techniques described above, it is
necessary to be aware of that spectral difference may appear both concerning relative peak intensities
as well as central wavelength. Comparing transmission and ATR spectra there may be differences in
relative peak intensities since the penetration depth in the ATR mode depends on the wavelength of
the IR radiation. Moreover, frequently a blue shift in IRRAS spectra of a peak position is observed
when comparing to transmission spectra, which is due to the fact that the shape of IRRAS spectra not
only depends on the absorption constant but also the real part of the refractive index [6]. For example,
for the common corrosion product Cu2O on copper, a shift from 623 (transmission) to 655 (IRRAS)
cm−1 was observed [6].

2.1.2. IR Transmission Spectroscopy

IR transmission spectroscopy has been used quite rarely to identify atmospheric corrosion
products, probably due to the difficulties in the sample preparation, which requires that the corrosion
products are scraped off from the surface and pressed into a pellet together with for example KBr as
discussed above. Thus, tiny amounts of corrosion products are difficult to study with this technique.
In some examinations the IR studies have been complemented by for example XRD, in order to confirm
the nature of the corrosion products.

2.1.2.1. Steel

A number of studies on various steels have been performed, and the IR spectra have been used
to identify the different phases of FeOOH, which have different characteristic infrared absorption
bands. Additionally, the presence of bound water in the film of corrosion products has been concluded
in some studies. Wang et al., studied the atmospheric corrosion of carbon steel during 12 months
near Qinghai salt lake in China. Based on the results obtained from IR transmission spectroscopy it
was concluded that β-FeOOH (450, 690, and 840 (weak)·cm−1), γ-FeOOH (1020 cm−1), and δ-FeOOH
(790, 880, and 1110 cm−1) were formed, where the latter peak could be used to qualitatively assess
the crystallinity since less crystalline samples exhibited a broader band [7,8]. In addition, water
in the samples was revealed by a peak at 1630 cm−1 (bending vibration). The corrosion product
Fe8(O,OH)16Cl1.3 was observed by XRD but those results could not be verified by IR spectroscopy due
to the lack of reference spectra.

In a study of carbon steel by Allam et al., IR spectroscopy and X-ray diffraction were used to
characterize the corrosion products formed during a 12-month exposure in an industrial atmosphere
near the sea. The results indicated that the corrosion started by the formation of blisters containing
iron chlorides, oxyhydroxides, sulphates, oxides, and possibly hydroxides [9]. Jaen et al., used IR
spectroscopy in combination with Mössbauer spectroscopy to study the atmospheric corrosion of mild
steel (A-36) and weathering steel (A-558 and COR 420) during three-month exposure to a tropical
marine climate in Panama. They could identify the phases α-FeOOH and γ-FeOOH on all steels, but
no δ-FeOOH was observed. In a similar way (although based on different peaks) as Wang et al., above
concluded that the rust was of low crystallinity, the peaks in the study by Jaen at 790 and 884 cm−1
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were weak and broad for the A-36 and A-558 samples. Hence, this indicated low crystallinity of the
corrosion products. In contrast, the COR 420 showed highly crystalline α-FeOOH and γ-FeOOH. In an
atmospheric corrosion study of pre-corroded (in SO2, NO2, and H2S) carbon steel at various locations
in China, IR spectroscopy was used to identify α-FeOOH, γ-FeOOH, and δ-FeOOH in both rust flakes
and powder-like rust. Strong OH stretching vibrations at 3120 and 3380 cm−1 were characteristic of
γ-FeOOH and δ-FeOOH, respectively. Further, the corrosion products contained large amounts of
water, indicated by the peak at 1640 cm−1, similarly to the rust studied by Wang et al., above.

Raman et al., used transmission IR to identify different kinds of rust on samples from outdoor
environments, and present spectra from several different rust types as well as tables with characteristic
infrared absorption bands [10]. A general conclusion is that crystalline corrosion products exhibit well
defined peaks, whereas more amorphous products yielded weaker and broader bands.

Pacheco et al., examined the rust formation in chloride rich environments with different relative
humidities, and observed the formation of oxides and oxyhydroxides during early corrosion [11].

2.1.2.2. Copper

Morcillo et al., identified several corrosion products formed during exposure of copper samples
in Ibero-America, the main product being Cu2O [12], as well as the corrosion products formed on zinc
in rural and urban atmospheres [13]. The atmospheric corrosion products of the seven meter long iron
cannon in Tanjore (India) were characterized by the use of IR spectroscopy [14].

2.1.2.3. Zinc

Transmission IR spectroscopy of corrosion products and reference samples was used to identify
the corrosion products formed during dry/wet cycles of zinc first exposed to a NaCl solution and then
to humid air and CO2(g) [15]. The details of the studies are found in the IRRAS section.

2.1.2.4. Aluminum and Magnesium Alloys

Ke et al., investigated the atmospheric corrosion of the aluminum alloy AA2024 in the presence of
magnesium chloride-based multicomponent salts [16]. IR transmission studies revealed, in agreement
with XRD examinations, that longer laboratory exposures resulted in corrosion products with a higher
crystallinity than those formed in shorter exposure times, with the main corrosion products being
[Mg1

_
xAlx(OH)2]x+ Cl−x·mH2O. The presence of the salts could induce corrosion also below 30%

RH. IR transmission was used to characterize the atmospheric corrosion products formed on the
magnesium alloy AZ91D exposed in a polluted environment [17]. FTIR in combination with XRD
enabled the identification of Mg(OH)2, MgCO3, and Mg2Al2(SO4)5·39H2O as corrosion products, and
it was further concluded that the corrosion rate was higher for an ingot sample in comparison to a
die-cast sample. The corrosion was initiated in the α phase, being less noble than the β phase, which
remained and constituted a barrier to further corrosion.

2.1.2.5. Corrosion Inhibitors

In one study, transmission IR coupled with thermogravimetric analysis was used to examine model
compounds that simulate amine-carboxylic acid-based volatile corrosion inhibitors, which for example
have been used in the protection of mild steel against atmospheric corrosion [18]. IR measurements of
the vapor evaporated from mixtures of two-component equimolar solutions were acquired, and it was
concluded that initially the vapor contained essentially only free amine. However, the vapor phase
composition changed over time and it was thus concluded that great care must be taken when using
this type of mixtures as corrosion inhibitors.

228



Materials 2017, 10, 413

2.1.3. Diffuse Reflectance (DRIFTS)

Nickel

The atmospheric corrosion of nickel surfaces exposed outdoors at 39 test sites in European and
North American countries was studied by DRIFTS [19]. The measurements were complemented
by investigations where XPS, X-ray powder diffraction, and elemental analysis were used, and
an agreement was found between the different methods. The identified corrosion products were
sulfates characterized by strong bands at 600 and 1100 cm−1, water and hydroxides in the region
3000–3600 cm−1, and indications of water was also seen through the bending vibration at 1595 and
1600 cm−1, as well as libration modes in the region 660–900 cm−1. Two types of samples were identified,
where the first type was non-crystalline and exhibited a lower protective ability, and showed distinct
antisymmetric sulfate stretching bands at 1080, 115, and 1150 cm−1 as well as three hydroxyl peaks
around 3600 cm−1. The high wavenumbers indicate that these hydroxyl groups possess very weak
hydrogen bonds. The other type of samples had broader and unresolved sulfate and hydroxyl bands,
showed a higher resistance towards corrosion, and were formed at longer exposure times. It was
suggested that the spectral differences were due to different particle sizes, which is known to affect the
band widths in DRIFTS or that the broader bands signified a more disordered product [20]. Also the
water bending mode displayed different properties, with the band at 1660 cm−1 being strongest for
the first type and the band at 1959 cm−1 for the second type.

2.1.4. Infrared Reflection/Absorption Spectroscopy (IRRAS)

IRRAS is the infrared technique that most frequently has been utilized to study corrosion products
formed under atmospheric conditions. The technique is well suited to identify the nature of corrosion
products and their kinetics of formation. Preferably the metal surface should be shiny, since a dull and
rough surface results in a diffuse reflection of the IR beam from the surface and hence little light that
reaches the detector. If calibrated to a mass sensitive instrument such as quartz crystal microbalance
(QCM), IRRAS can additionally provide information about the absolute mass of the corrosion products,
as discussed below.

A problem frequently encountered when performing long time in-situ exposures is a change in
the background signal, for example by drift or a varying relative humidity. Such changes can cause
broad water bands to overlap with the peaks of interest, and hence make the interpretations difficult.
A solution to this problem is to use polarization modulated (PM) IRRAS, in which the polarization is
modulated between s and p-polarized light (s denotes light polarized perpendicular and p parallel to
the plane of incidence), where s-polarized does not give rise to any surface signal due to a cancellation
of the electric field in the surface region, whereas the p-polarized is enhanced in the surface region.
A further advantage of PM-IRRAS is the improved signal to noise ratio. Some PM-IRRAS studies are
discussed below. IRRAS has also been employed to study the properties of ultrathin organic films
used as corrosion inhibitors, as elaborated in this section.

2.1.4.1. Iron

Weissenrider at al. studied the atmospheric corrosion of iron induced by relative humidity, SO2(g),
NO2(g), and O3(g) in-situ by IRRAS, QCM, and AFM [21]. It was concluded that NO2(g) or O3(g) in
addition to SO2(g) were necessary to form sulfate nests on the iron surface. By the use of H2O as well
as D2O, a band at 1100 cm−1 in the IRRAS spectra was identified as an OH vibration of some nature.

Kotenev et al., employed IRRAS, resistometry, and gravimetry to study the oxidation of metal
oxide nanocomposite layers on sensors [22]. By identifying the characteristic peaks of different phases,
it was concluded that Fe3O4 (412 cm−1), α-Fe2O3 (555 and 602 cm−1), and γ-Fe2O3 (652 cm−1) were
initially formed, whereas after longer time α-Fe2O3 dominated. Thus, at the initial stages (5–30 min),
the metal oxide structure contains Fe3O4, α-Fe2O3, and γ-Fe2O3, while at 2–5 h of oxidation, α-Fe2O3

is mainly present.
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Aramaki prepared iron surfaces covered with a monolayer of 11-mercapto-1-undecanol, and
on top a monolayer of bis(triethoxysilyl)ethane and octadecyltriethoxysilane to study the protection
against atmospheric corrosion [23]. The film was characterized by XPS, contact angle, and IRRAS, and
the conclusion was that the thiol formed a polymeric structure with the silanes, with siloxane bridges
in the lateral direction. The nature of the corrosion products was characterized by XPS after exposure
to air.

Stratmann and coworkers used IRRAS and quartz crystal microbalance to study the formation
of ultrathin polysolixane layers on iron surfaces, as well as the protection ability of the films [24].
They found that the films significantly improved the corrosion resistance in a humid atmosphere
containing SO2(g), and that the corrosion started at local defects in the film, but no changes in the
polymer film itself were observed.

2.1.4.2. Steel

Person et al., used IRRAS to study the atmospheric corrosion of Zn-Al-Mg coated, electrogalvanized,
and hot dipped galvanized steel with deposited NaCl and exposed to 805 RH and 350 ppm CO2 [25].
In complement, XRD and SEM were used. During exposure NaCl(s) adsorbs water and a thin
electrolyte layer is formed, which promotes the corrosion. With IRRAS several bands originating
from water and hydroxide were observed at early stages (H2O and OH− stretching vibrations in the
region 3000–3700 cm−1), the water bending vibration at 1635 cm−1, and several bands in the region
400–1000 cm−1. Later the antisymmetric stretch of the carbonate ion was observed as a symmetric
peak centered at ~1385 cm−1, which altogether indicated that layered double hydroxide products with
intercalated carbonate ions had formed. Upon introduction of dry air, the water bands got reduced, an
indication of that water left the surface. Complementary ATR spectra of reference compounds were
acquired to assist in the assignments of the vibrations.

Kim and coworkers studied how steel could be protected against atmospheric corrosion (10 min
in air at 400 ◦C and at 60 ◦C and 100% RH for five days) by covering it with silane primers and an
epoxy layer, where the silane used to improve the adhesion of the epoxy layer to the metal surface [26].
The silane reacted with the steel surface to form a Fe-O-Si bond. IRRAS was used to conclude that upon
heating of the epoxy covered steel surface, the epoxide peak at 915 cm−1 vanished, an indication that
the epoxy film was completely cured. For both exposure conditions the corrosion was reduced, but the
corrosion products Fe3O4, γ-FeOOH, and Fe2O3 could be observed in various amounts depending on
the conditions.

2.1.4.3. Copper

Person et al., used ex-situ IRRAS complemented by Raman spectroscopy, cathodic reduction,
and XPS to examine the atmospheric corrosion of copper exposed to 75% RH and 0.25 ppm SO2(g)
and NO2(g) [27]. Copper sulfite and sulfate were identified by IRRAS and a comprehensive table
summarizing the band positions for sulfite and sulfate was presented. The spectra indicated the
formation of a 1 nm thick film of sulfate or nitrate. Differences in peak position in comparisons with
transmission and IRRAS spectra were also discussed, and exemplified by a blue shift of 28 cm−1

for Cu2O in the IRRAS spectra compared to transmission, as also was discussed by Greenler [6].
No Cu-O-H bending vibrations were observed, an indication of that no basic copper sulfates were formed.

Person et al., later developed a sample cell for in-situ IRRAS studies of atmospheric corrosion
processes, with the ability to control the relative humidity [28]. It was shown that during exposure of a
copper surface to 90% RH, Cu2O was formed as revealed by an IR band at 645 cm−1. The kinetics of
formation displayed a logarithmic behavior, indicated by a straight line when the IR absorbance of the
cuprite peak was plotted against the logarithm of the exposure time, as shown in Figure 1. Hence, this
demonstrates the possibility to use IRRAS to determine the kinetics of formation of corrosion products.
To quantify the amount of cuprite formed, ex-situ cathodic reduction was used, and the amount of
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cuprite was further estimated through theoretical calculations. Further exposures to 80% RH and
0.23 ppm SO2(g) revealed the formation of sulfite by a band at 1010 cm−1, in addition to cuprite.

Figure 1. The infrared absorbance of the cuprite peak at 645 cm−1 as a function of exposure time
when a copper surface was exposed to 90% RH, revealing a logarithmic oxide growth. Reproduced by
permission of [28], The Electrochemical Society. Copyright 1993.

Kleber et al., also developed an in-situ IRRAS chamber and studied the formation of cuprite on
a copper surface exposed to 80% RH [29]. As a complement, simulated spectra with corrosion film
thickness and angle of incidence of the IR beam as variables were obtained, and AFM measurements to
study the topography were performed. By plotting the IR absorbance of the cuprite peak as a function
of time, it was concluded that the early copper corrosion follows a logarithmic rate.

In a subsequent study by Person et al., copper, zinc, and nickel were exposed to 0.21 ppm SO2(g)
and 80% RH, and the formation of sulfite could in all three cases be followed from a few minutes after
the start of the exposure to 20 h [30]. Through the IR peak positions of the sulfite bands it was possible
to deduce the sulfite ion coordination on the three metal surfaces. A mechanism for the sulfur dioxide
induced corrosion was also discussed, and estimations of the deposition rate of sulfur dioxide were
done based on calculations and intensities of the sulfite bands. It was concluded that the deposition
rate on zinc is one order of magnitude higher than that on the other metals, which indicates a surface
reaction that is mass transport limited.

The same authors as above used IRRAS (complemented by XPS) to study field exposures of zinc,
copper, nickel, and silver surfaces in indoor environments [2]. The locations were the Royal Palace
in Stockholm, the St. Vitus cathedral in Prague, a military storage room in Karlstad (Sweden), and
a computer room at a paper and pulp industry (Mönsterås, Sweden). The extreme temperatures
altogether were −3◦ and 25◦, and the relative humidity was in the range 17%–90% RH. These field
exposures of course involve a significantly more complex atmosphere in comparison to the vast amount
of model studies discussed in this article, and hence the peak assignments in the IR spectra become
more difficult since numerous peaks are present and the nature of the atmosphere is more or less
unknown. A table of important gases in indoor corrosion is found in Table 1 above. With IRRAS it was
concluded that main corrosion products on zinc, copper, and nickel were carboxylates (e.g., formate
and acetate), and that also tiny amounts of chloride, ammonium, nitrate, and sulfate ions were present.
In contrast, silver sulfide was the main corrosion product on silver, and small amounts of sulfate,
ammonium, and chloride ions were observed. Thicker layers of corrosion products were observed at
the St. Vitus cathedral and in the military storage room, which was suggested to be due to a higher
relative humidity and accordingly a more pronounced water layer on the metal surfaces. This study
further shows the importance of organic corrosion products in indoor environments.

Aastrup et al., developed a sample cell which allowed simultaneous and in-situ studies by IRRAS
and QCM of an atmospheric corrosion process of any relative humidity, hence yielding information
about the nature of the corrosion products (IRRAS) and their mass (QCM) [31]. The capability of the
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setup was demonstrated by investigating the formation of cuprite when copper was exposed to 80%
RH. By following the time evolution of the peak intensity of the cuprite band at 645 cm−1 and changes
in QCM frequency, the kinetics of formation of the corrosion process could be monitored. The detection
limit for IRRAS was a film thickness of 10 Å and for QCM 2 Å. The kinetics of formation was compared
with cathodic reduction results, showing that all results were in agreement with each other. Itoh et al.,
also developed a combined in-situ IRRAS/QCM setup and measured the initial atmospheric corrosion
of copper exposed to 80% RH and 10 ppm SO2(g) [32]. Sulfite (1040 cm−1) and sulfate (1110 cm−1)
were identified as corrosion products, and complementary XPS studies showed the presence of both
Cu(I) and Cu(II) oxides. Water in the film was revealed by bands at 3350 (stretches) and 1640 (bending
mode)·cm−1. Both changes in the IR absorbance and the QCM mass indicated a parabolic growth of
the corrosion products.

Wadsak et al., studied the atmospheric corrosion of copper in humid air of 60% and 80% RH using
a coupled setup for IRRAS and QCM, as well as AFM [33]. With IRRAS it was concluded that Cu2O
(645 cm−1) formed for both relative humidities, and AFM enabled a determination of tiny corrosion
products at 60% RH and a more fully covering layer at 80% RH after 80 min. With QCM it was possible
to conclude that the corrosion rate initially was fastest in both cases and that the mass gain was slower
at the lower relative humidity.

Gil, et al., published a series of articles where the atmospheric corrosion of copper was studied
by combining IRRAS and QCM, to obtain the nature of the corrosion products as well as their mass.
A combination of three analytical techniques, IRRAS, cathodic reduction, and QCM allowed a detailed
study of the initial atmospheric corrosion of copper exposed to 90% RH and either 120 ppb formic,
acetic [34], or propionic acid [35]. With IRRAS the corrosion products cuprite, copper carboxylates,
and copper hydroxide as well as water in the film were identified. A linear correlation between the IR
absorbance of the cuprite peak at 648 cm−1, the mass of cuprite obtained from QCM, and the thickness
of the cuprite layer as determined by cathodic reduction was obtained (Figure 2), thus providing
a convincing conclusion about the formation of corrosion products. Correlating the mass of the
corrosion products obtained by QCM with the absorbance from IRRAS allows future determinations
of the mass of corrosion products to be obtained solely by the use of IRRAS, since the absorbance
scales linearly with the amount of corrosion products formed. Further, the growth of the copper
carboxylate was followed by the absorbance of the antisymmetric carboxylate stretch at around
1600 cm−1. In complement AFM was used to determine the morphology of the corrosion products, and
a mechanism for the reaction route was suggested. The IRRAS and QCM results were also compared
with computer simulations using the GILDES model [36], which could predict the more aggressive
corrosion induced by formic acid, followed by acetic acid and propionic acid [36]. The trend was
explained by a higher ligand-, and proton promoted dissolution for formic acid.

Kleber et al., combined in-situ IRRAS, in-situ AFM, and SIMS to investigate the atmospheric
corrosion of copper, zinc, and two brass alloys (Cu/Zn = 70/30 and 90/10 wt %) exposed to 80%
RH and 250 ppb SO2(g) [37]. IRRAS revealed the formation of Cu2O when copper was exposed to
humid air, and by integrating the cuprite peak a logarithmic rate for cuprite formation was observed.
Although Zn(OH)2 likely is formed in the presence of water, the bands could not be observed due to
overlap with the bands from gas phase water. For copper and 90/10 brass a cuprite peak at 650 cm−1

was observed. Its absence for 70/30 brass indicated that only zinc corroded. However, no reliable
signal from ZnO at 500–550 cm−1 could be detected due to the cutoff frequency of the MCT detector.
With AFM it was concluded that the brass alloys exhibited larger corrosion products than the pure
metals. By a comparison of the intensities of bands originating from metal sulfides, sulfites, and
sulfates it was concluded that the brass alloy with the highest zinc content corroded faster in the
presence of SO2(g). As in the exposure of only humid air, Cu2O was only observed for copper and
90/10 brass.
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Figure 2. A linear relation between the results obtained from infrared reflection/absorption spectroscopy
(IRRAS), quartz crystal microbalance (QCM), and cathodic reduction for the formation of Cu2O during
exposure of a copper surface to 90% RH and 120 ppb carboxylic acids. Reproduced by permission
of [35], The Electrochemical Society. Copyright 2007.

Faguy et al., developed a setup for in-situ PM-IRRAS measurements, and showed that their
PM-IRRAS improved the signal to noise ratio in comparison with conventional IRRAS with a factor
of 2.5 [38]. It was furthermore possible to obtain spectra without interference from gas phase water.
The capacity of the technique was demonstrated in studies of copper exposed to SO2(g), NO2(g),
and HCl(g), and nitro, nitrito, and sulfate corrosion products were identified, and the kinetics of
formation could be followed.

Malvault et al., synthesized a number of basic copper salts, brochantite (Cu4SO4(OH)6), gerhardite
(Cu2NO3(OH)3), atacamite (Cu2Cl(OH)3), aratacamite (Cu2Cl(OH)3), malachite (Cu2CO3(OH)2), and
posnjakite (Cu4SO4(OH)6·H2O), to use as reference compounds for interpretations of IRRAS spectra of
corroded copper surfaces [39]. Additionally, cathodic reduction was used to characterize the corrosion
products. Interestingly, in contrast to Cu2O [6], the band positions in the IRRAS and transmission
spectra were not shifted.

The atmospheric corrosion of copper covered with sodium chloride and exposed to either
CO2(g) [40] or SO2(g) [41] was studied by Chen et al., and is discussed further under the section
Conventional IR microscopy, Section 2.1.6.1.

By the use of in-situ IRRAS and two-dimensional correlation analysis (2D-IR), the Osawa group
determined the nature of the corrosion products as well as their kinetics of formation when a copper
surface was exposed to 80% RH and 8.7 ppm SO2(g) [42]. The 2D analysis facilitated a deconvolution
of the infrared bands, and was used to follow the kinetics of formation of the main corrosion products
CuSO3Cu2SO3·2H2O and CuSO4·5H2O. Initially a water adlayer was formed on the surface, and
subsequently the sulfur containing corrosion products were formed.

IRRAS has been used a number of times to examine the quality of ultrathin corrosion inhibiting
films, in addition to studies of corrosion products. Mekhalif and coworkers prepared self-assembled
monolayers of flurothiols on copper and used IRRAS and XPS to characterize their structure and
organization, and studied their protection by cyclic voltammetry [43]. Liedberg and coworkers
investigated the chemisorption of the corrosion inhihitor benzotriazole on copper and cuprous oxide
with IRRAS, X-ray photoelectron spectroscopy, and ultraviolet photoelectron spectroscopy [44]. IRRAS
was used to study variations in the orientation of the benzotriazole molecules in the layers, and the
authors further suggested a new orientation of this inhibitor on copper. The Ishida group studied the
ability of imidazoles to protect copper surfaces against corrosion in a series of articles [45–47]. IRRAS
was used to examine the molecular structure, orientation, and stability of the inhibitors prepared
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under different conditions and exposed to various heat treatments. Jang and coworkers used IRRAS
and scanning electron microscopy to study the effect of heat treatments on protective films of various
compositions of a copolymer consisting of vinyl imidazole and vinyl trimethoxy silane deposited on
copper [48]. The authors observed that by the introduction of latter polymer, the heat resistance was
improved due to the formation of disolixane linkages. Wenger and coworkers investigated the thermal
stability of imidazole and 5-methylbenzimidazole films on copper surfaces in atmospheres containing
nitrogen gas, air, or under vacuum conditions [49]. The authors concluded that the organic layers
under heat treatment were more stable in nitrogen and vacuum in comparison to air, due to oxidation.
The decomposition of the prohibiting films was monitored by plotting the IR intensity of a vibration in
the organic molecules and following the change in time.

2.1.4.4. Silver

In an atmospheric corrosion study by Wiesinger et al., of a silver surface exposed to 90% RH and
500 ppm CO2, the ability of IRRAS and PM-IRRAS to detect corrosion products was compared [50].
As shown in Figure 3, PM-IRRAS was superior in detecting weak peaks and cancelling the effect of
water vapor.

 

Figure 3. A comparison of PM-IRRAS and IRRAS to detect thin layers of corrosion products, revealing
the clear benefit of using PM-IRRAS. Reprinted from [50] with permission from AIP Publishing.
Copyright 2014.

The same research group used conventional IRRAS in combination with QCM to study the
formation of basic carbonates on a silver surface under the influence of UV light under in-situ
conditions [51,52]. IRRAS enabled the nature of the corrosion products to be determined, and QCM
their mass. The bands at 922 ([HO-CO2]− skeletal vibration), 1109 (asymmetric—C-O stretch), and 1221
(antisymmetric CO3

2− stretch) cm−1 were used to identify the formation of AgOHAg2CO3. The growth
of these bands with time indicated a continuous formation of basic silver carbonate. Irradiating the
sample with UV light during the exposure significantly enhanced the infrared bands corresponding to
the corrosion products, and accordingly an enhanced corrosion rate. Broad bands above 3000 cm−1

indicated the presence of physisorbed water.
Further studies include investigations of the initial atmospheric corrosion of silver, iron, and

copper, as investigated by IRRAS, QCM, AFM (in-situ), and XPS [53]. Under exposure to 90% RH, the
IRRAS results indicate a continuous formation of cuprite (~650 cm−1), whereas no corrosion products
were observed at the iron surface, only physisorbed water. XPS indicated the formation of silver oxide
and silver hydroxide. The thickness of the surface water layer, which greatly affects the corrosion
rate, increased for a certain relative humidity in the order Fe < Cu < Ag, of which copper however
displayed the most pronounced corrosion. Upon addition of SO2(g), CuSO3 was detected as islands,
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but no sulfur containing species were detected on silver, only an increased corrosion rate. For iron, still
no corrosion was observed, and a requirement to induce atmospheric corrosion of iron appears to be
that also NO2(g) is added.

2.1.4.5. Zinc

Johnson et al., used IRRAS to study the atmospheric corrosion of zinc induced by the important
indoor corrosion promoters formic (80 ppb) and acetic acid (100 ppb), as well as acetaldehyde
(80 ppb), with a relative humidity of 90% [54–56]. Through the IRRAS data it was concluded that
zinc carboxylates were formed during all three exposure conditions, and that the initial corrosion
was fastest, followed by a lower rate, as indicated by comparing the absorbance of the antisymmetric
carboxylate stretching vibration. The reduced corrosion rate by time is an indication that the formed
corrosion products acted as a partly inhibiting layer. It was further concluded that the corrosion rate
increased with an enhanced relative humidity for all three systems, since the water adlayer on the zinc
surface was more pronounced at a higher humidity. This is shown in Figure 4, which clearly shows
that the corrosion is faster at a higher relative humidity.
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Figure 4. Zinc exposed to formic acid at different relative humidities. The x-axis shows the time and
the y-axis the amount of zinc formate formed, as determined by the intensity of the antisymmetric
formate stretch. Reproduced from [54] by permission of The Electrochemical Society. Copyright 2006.

In the exposure to formic acid, it was observed that the antisymmetric formate stretching vibration
around 1630 cm−1 was blue shifted (and broadened) when the humidity was changed from 90% to 0%
RH, an indication of a change in the environment when water is removed and the interactions between
zinc formate and water are reduced. The absence of a peak (C=O vibration) above approximately
1690 cm−1 revealed that no or low amounts of physisorbed formic and acetic acid were present,
but rather formate and acetate dominated. By studying the difference in wavenumbers between the
symmetric and antisymmetric stretching vibrations it was concluded that the zinc acetate species
formed a chelating bidentate or bridging structure. Since both the symmetric and antisymmetric
carboxylate stretching vibrations possessed a significant intensity in all three systems studied, it was
concluded that the zinc carboxylate species formed were randomly oriented. Complementary SEM
examinations revealed that the corrosion products formed during acetic acid exposure had a radial
growth, whereas acetaldehyde resulted in filiform corrosion [55]. Additionally, the role of the air/water
interface in the above mentioned corrosion processes was investigated by VSFS, as discussed below.

The atmospheric corrosion of zinc was further studied by IRRAS by Qiu et al., in order to
investigate the behavior of zinc exposed to 90% RH and either 120 ppb of formic, acetic, or propionic
acid [57]. In order to deduce the mass of the corrosion products formed (ZnO at 570 cm−1 and
zinc carboxylates with main peaks originating from carboxylate stretching vibrations in the region
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1345–1620 cm−1), an optical model was used, and the properties of the corrosion products were further
characterized by SEM and grazing incidence X-ray diffraction (GIXRD). The wavenumber difference in
IR peak position between the symmetric and antisymmetric carboxylate stretching vibrations was used
to conclude that the zinc formate formed a monodentate structure (Δν = 275 cm−1), whereas exposure
to acetic acid and propionic acid resulted in a chelating or bidentate structure (Δν = 150 cm−1) [58].

Zhu et al., developed a cell for periodic dry/wet exposures, and examined the corrosion of zinc
samples dipped for 1 h in a 1% aqueous NaCl solution, followed by a drying period of 23 h in 50%
RH and a carbon dioxide concentration of <5 ppm or >350 ppm [15]. By following the intensity of the
infrared bands (water bend at 1645 cm−1 and water stretches at 3000–3600 cm−1) originating from
physisorbed water it was possible to follow the kinetics of the drying process, and after 6–8 h in 50% RH
an equilibrium was reached. With CO2(g) concentrations below 5 ppm the dominant corrosion product
was ZnO (560 cm−1) and small amounts of Zn5(OH)8Cl2.H2O (740 and 920 cm−1) was additionally
observed. In contrast, with carbon dioxide concentrations above 350 ppm, the corrosion products
Zn5(OH)6(CO3)2 (840, 730, 1040, 1300–1600, and 3400 cm−1) and Zn5(OH)8Cl2.H2O were detected.
In-situ IRRAS spectra during the first drying phase with a carbon dioxide concentration below 5 ppm
is seen in Figure 5.

 

Figure 5. A series of IRRAS spectra acquired during the first drying phase of a zinc surface. The reduction
of the water bands (~1645 and 3000–3600 cm−1) shows the removal of physisorbed water at the
surface. Reproduced from reference [15] by permission of The Electrochemical Society. Copyright 2001.
The y-axis shows the absorbance given as −log(R/R0), where R is the reflected radiation from the
sample and R0 from the background.

In order to obtain information about both the nature of the corrosion products formed and the
changes in Volta potential, IRRAS was combined with Kelvin probe measurements by Person et al., [59].
Zinc was exposed to humid air and by IRRAS ZnO, Zn5(OH)8Cl2·H2O and zinc hydroxy carbonate
were observed as the corrosion products. Formation of these corrosion products was accompanied
with an increase in Volta potential as a result of an enhanced inhibition of the film formed. In addition,
IRRAS spectra of the corrosion products were simulated.
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Kleber et al., studied the atmospheric corrosion of zinc, copper, and brass exposed to humid air
and SO2(g), as described in Section 2.1.4.3 [37].

2.1.4.6. Brass

Qiu et al., studied the atmospheric corrosion of brass (Cu-20Zn) in 90% RH by IRRAS, and
complemented the studies by SEM/EDS, AFM, cathodic reduction, confocal Raman microscopy,
and scanning Kelvin probe force microscopy (SKPFM) [60]. The formation of ZnO and Cu2O was
revealed by peaks at 570 and 660 cm−1, respectively. By measuring the intensities of these bands as
a function of time, it was possible to follow the kinetics of formation of the two corrosion products.
As is described later, confocal Raman microscopy indicated that ZnO formed islands on a more fully
covering cuprite layer. The same authors further studied the corrosion of brass exposed to formic,
acetic, and propionic acid, and found by IRRAS that ZnO, Cu2O, Cu(OH)2 were formed [61]. To obtain
more information about the corrosion products, XRD was used, and it was concluded that in the case
of brass exposed to formic acid, Cu(OH)2·H2O and Zn(HCO2)2·xH2O were formed, whereas for acetic
acid Zn5(OH)8(CH3CO2)2·xH2O was formed, but no crystalline oxide was observed. For propionic
acid, no XRD peaks were observed, and hence the amount of crystalline products if any was below the
detection limit.

As discussed in Section 2.1.4.3 on copper above, Kleber et al., studied the atmospheric corrosion
of two brass alloys (Cu/Zn = 70/30 and 90/10 wt %), zinc, and copper exposed to humid air and
SO2(g) [37].

2.1.4.7. Tin

Takeshi et al., studied the atmospheric corrosion of tin exposed to 80%–90% RH as well as SO2(g)
and NO2(g) [62]. Exposure to sulfur dioxide resulted in no formation of corrosion products due to the
inhibiting ability of the outermost tin oxide layer, whereas during exposure to nitrogen dioxide SnO
(720 cm−1), SnO2 (610–670 cm−1), tin nitrate (830, 1350, 1390, 1450 cm−1), and hyponitrite (1040 cm−1)
were formed. The growth of corrosion products was observed as an increase in the IR absorbance by
time. The chemical characterization was carried out in-situ by IRRAS, and complemented by Raman
and XPS examinations. No synergistic effects of the two gases were observed.

2.1.4.8. Bronze

Wadsak et al., studied bronze exposed to 80% RH and 250 ppb SO2(g) with in-situ IRRAS, as well
as AFM and XPS [63]. During exposure to only humid air, no cuprite was observed in the IRRAS
spectra, but it was concluded that more water was physisorbed on bronze in comparison to copper.
In fact, the corrosion on bronze was slower in comparison with copper due to the presence of lead
oxide at the surface on bronze. The presence of hydroxide ions was revealed by a band at 1100 cm−1.
In exposure to humid air and sulfur dioxide, copper sulfite (1055 cm−1) was observed and after 500 min
exposure an infrared band originating from Cu2O at 650 cm−1 appeared. The corrosion products could
hence form when the protective layer of lead oxide was destroyed. IRRAS data also revealed that more
water was adsorbed at the surface in presence of SO2(g) compared to its absence. With AFM it was
concluded that larger corrosion products were formed in the presence of SO2(g).

2.1.4.9. Aluminum

The corrosion of aluminum surfaces covered with a sulfuric acid film formed from SO3(g) and
H2O(g) at a pressure of 200 Torr was studied by Dai et al., [64]. The corrosion rate was observed to
increase at higher relative humidities and higher deposition of sulfuric acid. From 3 to 240 min the
peaks at 1103 cm−1 (SO4

2−) and 2510 cm−1 (Al2(SO4)3) increased in intensity, signifying deposition
of sulfuric acid and an ongoing corrosion. The presence of the bisulfate ion was also confirmed by
infrared bands at 890, 1050, and 1245 cm−1.
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2.1.5. Attenuated Total Reflection (ATR)

Stratmann and coworkers covered an ATR crystal with a 10 nm layer of iron, and exposed it to
methyl-, and butyltrimethoxy silane at various relative humidities, resulting in a polymeric film at the
surface [65]. The adsorption could be monitored by the use of a quartz crystal microbalance. At higher
relative humidities thicker films were formed. Subsequently they exposed the system to 98% RH and
15 ppm SO2(g), and investigated the inhibiting properties of the polymer film. It was shown that the
film increased the induction time for a corrosion process to be initiated significantly.

Person et al., used ATR as a complementary technique to IRRAS, as discussed above [25].

2.1.6. IR Microscopy

Infrared microscopy allows studies of the local distribution of corrosion products, which is
highly important since a heterogeneous formation often occur. In conventional IR microscopy
where the IR beam is focused at the surface, the spatial resolution is at the best some μm since
the technique is diffraction limited. In contrast, novel IR microscopy techniques where the IR beam
is focused on an AFM tip can improve the spatial resolution considerably, down to 10–20 nm. The
latter type of technique has thus the potential to significantly provide more details in studies of
atmospheric corrosion.

2.1.6.1. Conventional IR Microscopy

The Leygraf group studied the atmospheric corrosion of copper with a single particle of sodium
chloride deposited and exposed to 80% RH and different concentrations of carbon dioxide with IR
microscopy (aperture size 100 × 100 μm), SEM, and Kelvin probe [66]. An electrolyte droplet formed
around the salt particle and the corrosion products at different distances from the drop edge were
examined by in-situ IR microscopy, as shown in Figure 6. The broad band centered at 3250 cm−1

indicates the presence of water and hydroxide groups, the band at 1640 cm−1 is the bending vibration
of water, and the band at 1380 cm−1 reveals the formation of carbonate (stretching vibration). A thicker
electrolyte layer closer to the edge of the droplet results in larger infrared bands, and the spectra
indicate that carbonate was formed in a region less than 100 μm. In similar experiments but with a
carbon dioxide concentration lower than 5 ppm, an additional peak at 3572 cm−1 appeared in certain
spots, and was assigned to non-bonded OH groups, probably from a thin layer of Cu(OH)2.

Similar studies were also performed on copper with deposited sodium chloride exposed to
150 ppb SO2(g) and with either <5 ppm or 350 ppm CO2(g) [41]. Similarly, a water droplet was formed
at the surface, which led to galvanic corrosion. In the area of the droplet, CuCl(nantokite), Cu2OH3Cl
(paratacamite), sulfate, tiny amounts of carbonate, as well as S2O6

2− (dithionate) were formed, with
the latter being observed for the first time in an atmospheric corrosion process. In the area defined by
the secondary spreading of the droplet, sulfite, sulfate, and dithionate were observed.

The same research group studied the atmospheric corrosion of zinc with deposited sodium
chloride exposed to SO2(g), CO2(g) and 80% RH [67]. IR microscopy with an aperture of 100 × 100 μm
was used to qualitatively estimate the thickness of the electrolyte layer at various positions by
comparing the intensity of the water bands at 1645 and 3400 cm−1. It was further possible to identify
the corrosion products at different locations with ex-situ IR microscopy, as shown in Figure 7. In area A,
the corrosion products consisted of Zn5(OH)8Cl2·H2O (simonkolleite) as revealed by peaks at 3470 and
3550 cm−1 from OH stretching vibrations, peaks at 727, 905, and 1044 cm−1 from Zn-O-H vibrations,
and ZnO was identified by a band between 477 and 575 cm−1, whereas only a tiny peak originating
from carbonate was observed at 1422 cm−1. In area B and C the corrosion products were sodium
carbonate. At <5 ppm CO2(g), the corrosion products have a local character, whereas a more general
corrosion was observed for 350 ppm CO2(g). Further, a slower spreading of the droplet formed at
the sodium crystal particle was observed at the higher carbon dioxide concentration. For exposures
to SO2(g), no secondary spreading of the droplet was observed. Bands between 1065 and 1192 cm−1
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