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In Situ Observation of Reactions at Liquid/Metal Interfaces 
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In situ techniques have been developed for observation of reactions at liquid/metal interfaces. Special 
attention was paid to monitor the change in structures of: (a) ions and/or colloids in solutions and (b) 
metal surface and/or films formed on it. Pitting and atmospheric corrosion of steel were studied using 
these techniques in order to develop new alloy. 
(1) Pitting: States of ions in various solutions near the interface were investigated by XAFS (X-ray 
Absorption Fine Structures) using a special electrochemical cell. In situ observation has shown the 
change of structures of chromium and bromine near the interface of IM LiBr solution and 
Fe-18Cr-12Ni-2Mo (mass%) alloy, indicating the formation of hydrobromo-complex near the 
metal/solution interface. (2) Atmospheric corrosion: Nano-scale structures of rusts formed on the 
weathering steel surface were investigated quantitatively by a combination of XAFS analysis including 
in situ observation under wet conditions, X-ray diffraction (XRD), and transmission electron 
microscopy (TEM). It has been shown that the key structure of high corrosion-resistance is an 
Fe(O,OH)6 network, which is different from crystalline FeOOH. 
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1. INTRODUCTION 
Loss relating with steel corrosion is estimated to be 

more than a few percentage of GNP. Steel used 
without coating has been strongly required not only from 
its low costs but also from the viewpoint of life-cycle 
assessments of materials. Corrosion mechanism has 
been investigated mainly by electrochemical methods 
and micro-structural observation before and after 
corrosion. 

However, there has been little information on real 
reactions which progress under water. In atomic scale, 
corrosion is a reaction that occurs at the interface of 
liquid and metal surface (Fig.1 ). In situ observation of 
reactions at liquid/metal interfaces is quite essential to 
understand the mechanism of corrosion and develop new 
alloy. In this study, in situ techniques have been 
developed and applied in order to reveal the corrosion 
mechanism of pitting and atmospheric corrosion. 

Fig.1 Schematic diagram of the liquid/metal interface 
in corrosion 
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2. EXPERIMENTS 
2.1 In situ XAFS of ions near the interface 

Figure 2 shows an electrochemical cell developed for 
in situ XAFS (X-ray Absorption Fine Structures) [1]. A 
sheet of stainless steel (Fe-16.8Cr-12.0Ni-2.0Mo in 
mass%) is attached below a reservoir of IM LiBr 
solution acting as an aqueous environment. LiBr was 
used instead of NaCI because of a limitation of 
edge-energies. A specimen and the reservoir are joined 
by a Kapton® film; in other words, the liquid "film" 
joins the reservoir and a metal edge. 
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Fig.2 Schematic illustration of a newly designed 
electrochemical cell conducted for in situ XAFS 
measurements. 

A potential of the steel was controlled by a potentiostat 
at 0.8V vs. Ag/ AgCl reference electrode to corrode 
entire cross-section of the sample uniformly. After 
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dissolution of the sheet, the depth of the crevice reached 
a few mm; XAFS measurements were then carried out 
by transmission geometry at different positions of d(z) 
from the dissolving interface to the bulk solution. 
XAFS measurements were performed at beam lines 
BL-7C and BL-12C [2, 3] at the Photon Factory (PF), 
KEK, Tsukuba, Japan. 

2.2 In situ X-ray diffraction of films formed near the 
interface 

Rust formation at an early stage of corrosion was 
investigated by in situ measurements. Surface 
diffractometer ( "EV A" system [4]) was developed. A 
29-9 goniometer ("x-axis") was mounted on the 9 table 
of another 29-9 goniometer ("9-axis"). The 
combination of two diffractometer can be tilted against 
the X-ray beam form SR, which determines the angle of 
incidence into the surface. 

Artificial seawater was used as liquid for corrosion, 
and the potential of the specimen was changed from -0.6 
to 1.0 V vs. Ag/AgCl in a period of I hour. During 
corrosion, scattering intensities were measured using an 
image plate. Measurements were carried out at BL-3A at 
PF. A typical parameters are: the energy of X-ray = 
12.399 keY and the beam size= lxl mm2. 

Rust formation at a late stage of corrosion was 
investigated also by XAFS, XRD and TEM. XAFS 
measurements were carried out at BL-12C at PF. 

Conventional mild steel (MS) and weathering steel 
(WS) was prepared as specimens. The compositions 
are: MS = Fe-0.60Mn-0.020P-0.30Si-0.15C and WS = 
Fe-0.28Cu-0.55Cr-0.15Ni-0.49Mn-0.081 P-0.51 Si-0.1 OC 
(in mass%). 

3. RESULTS AND DISCUSSION 
3.1 Pitting 

Ion concentrations in the pit were investigated by in 
situ measurements of absorption at the edges. It was 
clearly seen that the concentrations of chromium and 
bromine are linearly dependent on the distance d(z), 
suggesting that the dissolution rate can be determined by 
diffusion of ions. 

In situ XAFS measurements of chromium and bromine 
ions were carried out at different positions d(z), from 
positions near the dissolving interface and near the bulk 
solution. Figure 3 shows the Fourier transforms of Cr 
and Br K-edges spectra at different d(z) positions. It 
was found that Cr edge spectra for all d(z) positions 
showed peaks at almost the same position located 
between the Cr-Br of CrBr3 powder and the Cr-0 of 
Cr(OHh powder. 

In contrast with the spectra of chromium, Br-K edge 
spectra differ at different d(z) position. The peak shifts 
toward a larger R as the distance d( z) increases. 

Each spectrum was analyzed by the "REX" program 
(Rigaku Co.), and structures around Cr and Br were 
analyzed. Based on these results and electrochemical 
consideration of the reaction, the change of complex 
structure inside the pit was revealed [1]. Figure 4 
shows a schematic illustration of change of ion-complex 
structures inside the artificial crevice suggested by this 
study. 
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Fig.3 Fourier transforms of XAFS spectra at Cr 
(above) and Br (below) K-edges for different d(z). 

Fig.4 Schematic illustration of change of ion-complex 
structures inside the pit. 

Far form the interface, chromium forms hydroxo 
complex, and bromine is simply hydrated. However, 
near the interface, metal ions (M=Fe,Cr,Ni) are expected 
to form hydro-bromo complex (Eq.(l)). This is why 
Fourier transforms change among different d( z) only in 
Br K-edges. 

These results are consistent with X-ray fluorescence 
measurements inside the similar pit [5, 6]. The formation 
of complex explains why observed values of pH were 
lower than the ones calculated by simple hydrolysis 
reaction of metal salts (Eq.(2)). 

Cr(OH)rn(H20km +(J-m) + nBr· -. 
Cr(OH)mBrn(H20km-n+ nH20 (1) 

MOH+ wcr (2) 
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3.2 Atmospheric corrosion 
During atmospheric corrosion, metals experience 

cycles of wet and dry. The first process of corrosion 
under wet conditions was measured by in situ 
observation. Figure 5 shows scattering intensities at 
(a) 23 min. and (b) 55 min. after the potential was 
applied. Diffuse intensities in Fig.5(a) correspond to 
an Fe(OH)x phase: the colloidal products formed at the 
first stage of corrosion. Quantitative analysis has 
shown the diffraction peaks in Fig.5(b) correspond to the 
y-FeOOH type structure. 

(a) (b) 

Intcnsitics 

Fig.5 Scattering intensities measured by image plates at 
(a) 23 min. and (b) 55 min. after corrosion starts. Arrows 
in (b) show the peaks corresponding the y-FeOOH type 
structure. 

Fe and Cr K-edges XAFS spectra were also measured 
at different time of corrosion. Radial distribution 
functions (RDF) around Fe and Cr atoms were obtained 
by Fourier transformation of the XAFS spectra. Iron 
atoms are coordinated by 6 oxygen and/or hydroxyl, and 
form Fe(O,OH)6 octahedra. These Fe(O,OH)6 

octahedra compose "Fe(O,OH)6 network" of rust [7, 8]. 
RDF around Fe showed that only the 1st and 2nct 

nearest neighboring correlation (Fe-0 and Fe-Fe, 
respectively) were clear at the early stage of corrosion 
corresponding to Fig.5(a), and that the 3rd and higher 
nearest neighboring correlation were not clear. 
However, the 3rd nearest neighboring correlation (Fe-0) 
was clearly found when the specimen corrodes more 
than 0.5 year. This shows the evolution of Fe(O,OH)6 

network as the corrosion progresses. 
RDF obtained by Cr K-edges XAFS spectra showed 

that chromium form a different type of Cr(O,OH)x 
structure, suggesting chromium atoms occupy different 
sites form iron atoms in the Fe(O,OH)6 network 
structure of the rust. 

Ex situ measurements of the rust were also performed 
for specimens which experienced a longer period of 
corrosion. Specimens were dried in air and wet again. 
Wet-dry cycles were repeated up to 31 years, and rusts 
formed on specimens MS and WS were investigated 
using the same techniques. 

Based on these in situ and ex situ measurements, 
evolution of Fe(O,OH)6 network during corrosion was 
revealed [7, 8]. This is illustrated in Fig.6, where Fe 
and Cr are denoted by small and large closed circles, and 
0 are by large open circles. 

At the initial stage of corrosion of MS, iron atoms 
form Fe(O,OH)6 units in water or in air with moisture, 
resulting in formation of colloidal rusts (Fig.6, left). Its 
structure is similar to that of crystalline y-FeOOH. 

However, in the case of WS including Cr and Cu, the 
situation is different. Chromium addition results in 
formation of Cr(O,OH)x units having different structures 
from Fe(O,OH)6• Chromium increases the atomic level 
heterogeneity in the network through occupying 
different from that of iron, which was not found in MS. 
It is also expected that the nucleation energy of the 
Cr(O,OH)x unit is lower than that of the Fe(O,OH)6 and 
that this decreases nucleation energy. These factors 
result in the different mode of reaction: growth-limited 
in WS and nucleation-limited in MS. 

As the corrosion progresses after about half a year, the 
Fe(O,OH)6 network may change from y-FeOOH like to 
a-FeOOH like. Also in this stage, the Cr(O,OH)x units 
affect the evolution of Fe(O,OH)6 network (Fig.6, 
middle). 

Existence of Cr(O,OH)x units prevents the network 
growing rapidly through atomic level heterogeneity in 
the Fe(O,OH)6 network. It is also suggested 
Cr(O,OH), prevents water and/or oxygen from 
penetrating into the steel [9]. 

Different evolution of the Fe(O,OH)6 network during 
corrosion between WS and MS result in different 
morphology of rusts at the final stage. The rust formed 
in WS is composed of very fine grain size about 5-15 
nm in diameter as found by TEM (Fig.6, right). 
Contrary to this, the rust formed in MS contain grains as 
large as 100-1000 nm. 

It has been shown that the evolution of Fe(O,OH)6 

network is deeply related with the corrosion resistance. 
The mechanism revealed by in situ observation is 
expected to lead to designing a new type of WS of the 
future. 

4. CONCLUSION 
In situ techniques have been developed for observation 

of reactions at liquid/metal interfaces. (a) Ions 
and/or colloids in solutions near the interface were 
successfully investigated by in situ XAFS. This was 
applied to study pitting of stainless steel. The 
formation of hydrobromo-complex near the interface 
was found to play an important role. 
(b) Change of atomic structures of rust layers formed on 
steel was investigated by in and ex situ X-ray scattering. 
It has been shown that addition of a small amounts of 
elements change the evolution of "Fe(O,OH)6 network" 
during corrosion, resulting in different corrosion 
resistance. 
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Fig.6 Schematic diagram of the evolution of the Fe(O,OH)6 network in WS (above) and MS (below) during corrosion. 
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