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ABSTRACT 
 

Applications of x-ray absorption near-edge spectroscopy (XANES) and the 
design of cells for in situ corrosion studies are reviewed.  Passive films studies 
require very thin metal or alloy layers be used having a thickness of the order 
of the films formed because of penetration of the x-ray beam into the metal 
substrate.  The depth of penetration in water also limits the thickness of 
solutions that can be used because of water reduces the x-ray intensity.  
Solution thickness must also be limited in studies of conversion layer 
formation studies because the masking of the Cr in solution. Illustrative 
examples are taken from the anodic behavior of Al-Cr alloys, the growth of 
passive films on Fe and stainless steels, and the formation of chromate 
conversion layers on Al.  

 
INTRODUCTION 

 
The purpose of this presentation is to describe a number of applications of x-ray 

absorption near edge spectroscopy (XANES) that have been used to study corrosion 
related processes.  The employment of x-ray absorption techniques makes it possible to 
observe chemical changes during electrochemical measurements that cannot be made in 
situ, using other available techniques. Realtime response enables a direct, unambiguous 
correlation with controllable variables. In the area of corrosion XANES has a particular 
advantage because of its sensitivity.  It is possib le to specify the chemistry changes of 
less than a monolayer of an element as it undergoes electrochemical reactions of 
dissolution. 

 
The acquisition of EXAFS data is essentially the same as that of XANES but 

generally requires a larger amount of the element being studied. EXAFS has the 
advantage of yielding structural data relating to nearest neighbors where no long range 
order exists.  In situ electrochemical x-ray scattering techniques with noble metals have 
also been used to detect two-dimensional structural changes in surface layer of the metal 
following potential changes or following an underpotential metal deposit or an oxidation 



process.  The structure of a three-dimensional passive oxide of the order of a few 
monolayers on iron has also been defined using in situ electrochemical techniques.  
Details of these methods have appeared in recent publications (1-3).  
 

X-ray absorption spectra are obtained with a monochromatic x-ray source (4). 
When the x-ray photon energy increases above a threshold, or observed edge, for the 
excitation of an inner core electron the absorption increases and the kinetic energy of the 
excited electron increases with photon energy above the threshold.  XANES occupies up 
to about 40 eV above the edge and the EXAFS occurs above this energy.  Figure 1 
contrasts the major differences between XANES and EXAFS (4).  In EXAFS the 
photoelectron is scattered only by a single neighbor, whereas in XANES there are 
multiple scattering pathways.  Analysis of structural relation in XANES is far more 
complex than for EXAFS, but recent calculations demonstrate that XANES spectra can 
also be used to determine bond distances of neighboring atoms (4). 

 

Most corrosion applications rely on spectra of known standards that are used as 
“thumbprints” for identification of the reactants and products.  An example of the edges 
for a series of Fe and Cr compounds are shown in Figure 2.  To compare compounds they 
are generally normalized relative to the effective step height of the edge.  Design of the 
experimental electrochemical cell is of major importance in making in situ x-ray 
absorption measurements and must take into account the path of the beam. Illustrative 
examples of cell designs for studies of passive films on metals and the behavior of a 
surface inhibitor will be considered.  Figure 3 shows the penetration depth of an x-ray 
beam in water polyester and Fe.  Included in the figure are the energies of the K-edges for 
the elements S to Ag (3).  The penetration in Fe is also given over this energy range 
showing the edge that occurs at 7112 eV. The penetration depth at this energy is of the 
order of 10 µm (decreasing from about 40 to 4 µm as the energy crosses the absorption 

Figure 1.  Pictorial view of photoelectron scattering processes.  EXAFS results from a 
single scattering of the photoelectron by a neighboring atom.  In XANES multiple 
scattering pathways, illustrated by 2 to 4, contribute to the absorption cross section. 
(After Bianconi Ref (4)). 
 
 



edge) for iron but decreases when studying lighter elements.  The passive oxide on metal 
is of the order of 4 nm thick. Hence, if a measurement was made directly on bulk Fe the 
oxidized Fe absorption in the passive oxide will be swamped by the metal absorption by 

about four orders of magnitude.  This necessitates that the thickness of the metal be 
reduced to that comparable with the thickness of the oxide in order to observe changes in 
the passive film as it is formed, dissolved or reduced. Figure 3 also shows the penetration 
depth for water.  In the range of the absorption energy of Fe the mean free path or 
penetration depth in water is about 3 mm. This thickness is reduced with dissolved salts 
in the water.  

 
Thin layer metal electrodes about 10 nm thick are required in order to study the 

passivation of metals and alloys (8-10). An example of a cell employing thin evaporated 
or sputtered layers of metal is shown in Figure 4a (10).  The metal to be monitored is 
deposited on a thin 7 µm plastic sheet with an underlying inert metal that acts as a current 
collector.  The metal, under potential control, is the working electrode in an 
electrochemical cell.  The x-ray beam then enters through the plastic and the metal.  The 
fluorescence of the metal is proportional to the absorption and is monitored with a solid 

  (a)       (b) 
Figure 2.  XANES for (a) Cr and Cr compounds, relative to the Cr K edge at 5989 eV (5) 
and (b)  Fe and  Fe compounds (6). 

Figure 3.  Changes in the x-ray mean free 
path, or distances for a 1/e reduction of x-
ray intensity in water, polyester and Fe, as 
a function of the x-ray energy.  The 
energies of the K absorption edges for a 
series of elements are indicated (3,7). 



state detector to reduce the background due to scattered radiation.  Entering the back of 
the metal prevented difficulties with the aqueous electrolyte absorbing the x-ray beam.   
 

The in situ measurements are complicated by the penetration of the electrolyte by 
the beam and care is required to reduce the contribution of the dissolved inhibitor.  A 
concentration of 10-5 molar inhibitor in 1 mm of solution above a surface would be 
equivalent to about a adsorbed monolayer of the inhibitor indicating that concentrations 
below 10-4 molar could be used for this geometry and a fluorescence measurement. Other 
approaches have been used similar to those where studies of structures on metal surfaces 
have been carried out (12-13). Here, under a negative hydrostatic pressure, a thin plastic 
membrane is pressed against the metal surface after the electrochemistry has been 
completed so the diffraction measurements can be carried out without interference by the 
electrolyte. Figure 4 b shows an adaptation of this approach used for studying the 
formation of a chromate conversion layer on Al (11). 
 

Studies of inorganic layers on metal surfaces have been carried out ex situ using 
glancing angle techniques (5, 12-18). When flat surfaces are used advantage is taken of 
the refractive index of solids being slightly less than unity, and at a sufficiently low 
glancing angles the x-ray beam is totally reflected.  The intensity of the x-ray beam at the 
surface is increased under these conditions and is a maximum at the critical angle for 
total reflection.  The penetration depth of the wave also increases from about 2 nm well 
below the critical angle and rapidly above 10 nm as the critical angle is exceeded. 
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  (a)      (b) 
Figure 4.  Schematic diagrams of cells used for corrosion studies.  (a)  Cell for observing 
formation and dissolution of passive surfaces (10). (b) Cell for observing growth of 
chromate conversion coatings (11). 
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EXAMPLES OF THE APPLICATION OF XANES 
 
Passive Films on Al-Cr sputtered alloys. 
  

Amorphous Al-Cr alloys have been shown to possess a high resistance to pitting 
corrosion in chloride solutions. The distribution of Cr and its valence state has been 
considered to be important in understanding the resistance to pitting (5, 10, 19).  
   

Using ex situ glancing angle techniques Frankel et al have shown that the Cr in 
the passive oxide film was present either in the chromic, Cr(III) state or as a hexavalent 
Cr(VI) species depending on the potential pretreatment of the Al-Cr alloy (5). Alloys 
with concentrations up to 46% Cr were tested.  Figure 5 shows the XANES for a 4 nm 
thick Al 20% Cr alloy following holding at –0.5 to 5.0 V relative to a mercurous sulfate 
electrode in a pH 7.4 borate buffer solution for 5 min.  It is of interest to note that these 
measurements with a good signal to background noise have an equivalent thickness of Cr 
of roughly 0.8 nm or two monolayers of Cr.  Distinct changes in the chemistry of the Cr 
can be assessed by comparing with the standards shown in Figure 2. At -0.5 Vmse 82% 
of the Cr remained as metallic Cr(0) and 18% was present as Cr(III).  At 0.7 V, a 
potential well above that where highly soluble Cr(VI) is thermodynamically expected    
(–0.08 Vmse (20)), about 45% of the Cr was oxidized and present only as Cr(11I).  Cr(VI) 
was observed at 2.0 and 5 Vmse increasing dominant as the oxidized species. The degree 
of oxidation depended on the measurement angle being greater below the critical angle 
than just above it, demonstrating higher concentration of Cr(VI) closer to the outer 

Figure 5.  Influence of applied potential in 
a borate solution on the Cr K absorption 
edge, for a 20% Cr-Al sputtered 40Å film 
measured ex situ (5). 

Figure 6. In situ measurements of the Cr 
K edge for a 20 Å, 12%Cr-Al  film (solid 
lines) (a) at open circuit, (b) after 7 min at 
2Vmse, (c) after 6 min at –1.5 Vmse. Broken 
lines are standards  for (a) Cr metal, (b) 
KsCrO4, and (c) Cr2O3 (10). 



surface of the oxide.   
 
When in situ measurements were made (19), using the cell shown in Figure 4a, 

the in situ results again showed virtually no dissolution when the potential was raised 
directly to 1.5 or 2 Vmse. The in situ measurements did allow for a clearer analysis of the 
process taking place during the exposure to the high potential.  It was also found that the 
Cr(VI), formed at the higher potentials, could be converted to Cr(III) on stepping the 
potential to –1.5 Vmse (10).   Cycling the potential repeated the valence changes with very 
little loss of the Cr even in the highly soluble Cr(VI) state.  An example of the 
electrochemical response of the Cr in the oxide is shown in Figure 6.  
 

  Figure 7 shows the effect of time on stepping a freshly exposed Cr-Al film 
directly to 2 Vmse (19).  The sample had a lower 12% Cr content that produced a slower 
rate of Cr(VI) formation in the oxide.  Here in the first 6 minutes the first stages of 
oxidation at 2 Vmse are seen to be the Cr(III) formation. This was then followed by a slow 
oxidation to Cr(VI).  Two distinct stages may be envisaged in the rapid oxidation.  
Following the potential step the high field across the initially thin air formed oxide film 
produced a very rapid growth dominated by the activity of Al which suppressed the 
oxidation of the Cr so only Cr(III) species are formed. The rate of high field oxidation 
decreases exponentially with time, and then by a slower process  the oxidation of Cr(III) 
to Cr(VI) oxidation took place.  The oxidation of the Cr in the oxide to Cr(VI) is unlikely 

to result from oxygen migration in the oxide as this takes place only under high fields 
which rapidly decrease after the potential is stepped.  Hydroxyl ions could be involved.  
Hydroxyl ions have been considered to migrate during the oxide growth (21) or else a 
slow hydrolysis of the oxide may take place after its formation probably assisted by the 
presence of the Cr because the 20%Cr content in Figure 6 led to a faster oxidation rate (< 
5 min) than the 12% Cr in Figure 7, which took between 20 and 40 min.  The oxidation 
according to the equation 
 

Cr3+ + 4OH-  =  CrO4
2-+4H+ + 3e- 

Figure 7. Changes in the Cr K edge at 
the  times indicated at 2 Vmse in a borate 
solution, after stepping from the open 
circuit potential 



 
would require only the movement of electrons and hydrogen in the oxide which are 
expected to be far more mobile than oxygen ions.  
 

The in situ study made it convenient to step the potential in small increments. 
This treatment resulted in very different behavior from that observed on direct stepping to 
the higher potentials (18).  Indeed, dissolution of an entire fresh Al-Cr alloy sample took 
place when it was exposed directly to a potential of 0.2 Vmse or when the potential was 
slowly raised to this value.  It was hypothesized that a layer of aluminum oxide formed 
initially when the potential was stepped to the high potential and prevented the Cr(VI) 
from entering the solution. Studies by Kihn et al using electron energy loss spectroscopy 
have since confirmed that the Al does preferentially oxidize during rapid anodic film 
growth  allowing buildup of Cr in the metal (22). When the potential is slowly increased, 
no outer continuous Al oxide forms, and in its absence any Cr(VI) has in continued 
access to the solution and percolation of the entire sample occurs. 
   
Passive Films on Iron  
 

Early XANES studies on passivity of Fe have been reviewed by Robinson (23). 
These and subsequent detailed studies of the passivity of Fe and its alloys have shown 
that XANES continues to yield information, difficult to obtain using other techniques, 
relating to changes that take place in the passive film during its formation and reduction 
(24-32).  
 

XANES has clarified the changes taking place during passive film reduction on 
Fe. Davenport et al showed that the ferric oxide passive film in borate buffer dissolved 
during controlled galvanostatic cathodic reduction to produce ferrous ions in solution 
(24).  During the reduction process the remaining film showed a change towards Fe3O4.  
In alkaline solution reduction of the passive film produced a ferrous oxide or hydroxide 
without any dissolution taking place (24).  These changes were reproduced by Schmuki et 
al using thin layers of ferric oxide and magnetite as artificial passive films (25,26).  A 
comprehensive model was proposed for the reduction process in aqueous solutions. 
Reduction starts at oxide solution interface with a solid state reaction transforming the 
Fe2O3 to Fe3O4 and producing a two layer structure. In a second reduction step the Fe3O4 
is reduced to Fe2+ which dissolves (25). The second step was slow in neutral solution 
until the entire Fe2O3 phase was converted to Fe3O4 at which stage any further reduction 
led to the Fe3O4 dissolution. In sulfuric acid solutions the Fe3O4 phase dissolves so that 
the first stage is rate determining in the removal of the passive film.  In alkaline solutions, 
a solid state reduction of the Fe3O4 phase takes place with the formation of Fe(OH)2 (25).  
Stepping the potential produces similar end products except in the presence of phosphate 
ions as described by Schmuki et al in these proceedings (26).  When phosphate is present 
potentiostatic stepping to negative potentials produces a metallic Fe without any 
dissolution.  
 

The passive film forms with 100% efficiency, i.e. no Fe dissolution, when the 
potential of an oxide free surface is stepped well into the passive region in a 0.136 M 
borate pH 8.4 solution (42-30).  The efficiency of passive film formation has been studied 
by Oblonsky et al (27, 28) and Virtanen et al (30) as a function of potential and solution 
chemistry.  For example in 0.136 M borate buffer, pH 8.4, or 0.1M PO4 also having a pH 



8.4 stepping to potentials below -0.7 Vmse  or 0.8 Vmse, respectively, produced dissolution 
that increased as the potential decreased (27).  Dissolution was also observed when the 
borate was diluted to 0.01M (pH 8.4), or the pH was reduced to 7.4 (0.138 M BO3) (28). 
These latter results are shown in Figure 8.  The figure compares the XANES of the Fe 
sample before and after stepping into the passive range.  Prior to stepping the edge 
indicates that the Fe was only in the metallic state. Immediately after stepping to 0.4 Vmse 
the height of the edge dropped showing that dissolution of metal took place during 
passivation.  A greater drop was found following stepping the potential in a solution with 
the decreasing the pH to 7.4 compared with diluting the borate buffer but maintaining the 
pH at 8.4. In acetate solutions, detectable dissolution rates occurred above pH 5 whereas 
significant dissolution occurred below this value (27).  Again lower electrolyte 
concentrations produced more dissolution. The investigation showed dissolution was 
transitory in all cases, occurring only during the initial stages of passivation. XANES 
measurements were too slow and could not resolve times less than about 2 min.  The 
measurements in acetate solutions also emphasized the role of reductive dissolution 
where the complementary anodic process for oxide reduction was metal dissolution and 
not only the measured external current (28). 

Passive Films on Fe-Cr Stainless Steels 
 

The composition of passive films on stainless steels depends on the pretreatment 
history of the steel and has been reviewed in detail by Oblonsky et al (29).  Fe can be 
prepared with metallic surfaces by cathodic dissolution of the passive surface. When Cr is 
present, the Cr(III) in the oxide cannot be cathodically reduced. In acetate solutions it was 
found that all the Fe in the oxide was removed at –1.2 Vmse (29).  Stepping from this 
potential to –0.3 Vmse, just above the passivation peak, produced a high Cr content in the 
oxide which varied from 60 to 100% Cr(III) as the alloy  concentration increased from 8 
to 23% Cr.  Stepping directly to 0.2 Vmse the passive film content dropped varying form 
20 to 60% over the same alloy concentration (29).  Within the region of transpassivity the 
passive film contains Cr(VI) (27,28).  In the acetate solutions a fraction of 0.25 was 
found as Cr(VI).  It was found that the Cr(VI) was unstable when exposed in humid air, 
leading to Cr(VI) reduction (30).  The XANES measurements offered direct evidence for 
the reduction of Cr(VI) that was postulated based on transients during galvanostatic 
reduction. It is interesting to note that there was no indication of Cr(VI) reduction when 
the Al-Cr samples were exposed to air (5) even though the thermodynamic driving 

 

Figure 8. Changes in the edge spectra for 
Fe on stepping the potential from –1.5 Vmse 
to 0.4 Vmse in a pH 8.4, 0.01 M borate 
solution taken immediately after stepping 
and after 30 min.  Dissolution of metal took 
place in the dilute borate solution only 
during film formation (27).  



potential for Al is much greater than for Fe. Also the reduction indicated that the 
exposure to oxygen in air did not lead to oxidation.  Clearly for these oxides reactions, 
kinetics, rather than thermodynamic potential magnitudes, are decisive.  
 

Schmuki et al have also used XANES to study the chemical states and dissolution 
rates of artificial passive films containing Fe and Cr (32).  In intermediate ranges of Cr 
concentrations the oxides were resistant to dissolution in borate buffer solutions at both 
anodic and cathodic potentials. Nevertheless, in all cases, even when no dissolution takes 
place the oxides were electrochemically active. Reduction of Fe(III) to Fe(II) and 
oxidation of Cr(III) to Cr(VI) were observed.  The Fe(III) reduction penetrated the entire 
oxide but the Cr(VI) formation occurred only to a depths of a few atomic layers.  In 0.1 
M H2SO4 50% Cr was required to prevent cathodic dissolution and 90% Fe was 
necessary to prevent the dissolution of Cr (32). 
 
Chromate conversion coatings (CCC). 
 

Chromate/fluoride solutions (e.g. commercial product Alodine 1200) produces a 
Cr(III)/Cr(VI) coating that has been used extensively to prepare Al and its alloys for 
corrosion protection and paint adhesion (11,17,33-39).  Studies of the CCC on Al alloy 
2024 have been made ex situ using a wide range of techniques (32-39).  X-ray absorption 
measurements have shown the amounts Cr(VI) to total Cr in the CCC vary from 15% for  
pure Al to between 20 and 28% for AA 2024 (11,17,33,36). Coating times led to 
increases of Cr(VI) from 11 to 20% for exposures of 1 to 5 min (17). The formation of 
the CCC is rapid and cooling the chromate/fluoride solution has been used to slow the 
rates (38,39) or by restricting the accesses of solution as shown by the cell in Figure 4 b.  
 
  Figure 9 shows the increase in the edge height as a function of the time of 
repeated exposures of alloy AA2024 to the Alodine solution up to 600 s. The rate of 
formation of the CCC was a complex function of time. During the very first exposure and 
for about 10 s the uptake of Cr was extremely rapid producing about 10% of the film 
thickness.  The changes were indicative of an exponentially decreasing rate with a time 
constant of the order of seconds.  The rate then varied more slowly reaching a second 
maximum after 140 s. Prior to 140 s the Cr(VI) increased slowly to from about 28 to 35% 
and remained constant thereafter as the coating continued to thicken. The very rapid 
initial reaction rate caused the difficulty in producing very thin CCC layers and the 
required cooling of the solution (38,39) in order to measure the early stages of nucleation 
and growth of the coating.   
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