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ABSTRACT

Middle range ordering is known to be of great
importance for characterizing the structure of various
substances in a variety of states. This is particularly true
for a complex system. An attempt has been made to
present a new method for obtaining information
including middle range ordering. In this method, the
realistic atomic scale model structure is estimated by
fitting both the ordinary interference function and the
environmental interference function obtained from
anomalous X-ray scattering (AXS) data with model
calculation using reverse Monte Carlo (RMC)
simulation technique and then middle range ordering in
the range of a few nanometers can be visualized. The
usefulness of this new method has been demonstrated
by some impressive results of molten CuBr and
corrosion products (FeOOH) formed on the steel
surface.

Keywords: middle range ordering, molten salt, ferric
oxyhydroxide, anomalous X-ray scattering, reverse
Monte Carlo simulation

1. INTRODUCTION

There has been a vast amount of research on new
materials and a better understanding of the physical and
chemical properties of these new materials is known to

depend heavily upon their structural characterization at
a microscopic level. In the crystals, all atomic
distribution characterized by the long range ordering
can be described when we introduce a few parameters
of position and distance. Such a simple definition is
impossible in both the liquid and glassy states, but their
atomic distributions in the near-neighbor region are
known to be characterized using the concept of the
short-range ordering /1/.

On the other hand, one can frequently find a system
of interest which is not classified into these two
categories. For example, the structure with non-
periodicity is confirmed in the second-generation
amorphous alloys called “bulk amorphous alloys™/2/,
but rather complex structural features are also
recognized. This is partly attributed to their
compositions, which always contain several types of
atoms, at least three components. Then, information
about their middle range ordering is strongly required
for materials characterization of bulk amorphous alloys.
The structural feature of corrosion products, which are
mainly ferric oxyhydroxides with some alloying
elements, is found to be very complicated /3/, and some
parts of these corrosion products have been assigned to
the amorphous state /4/. This again suggests the middle-
range ordering to be of great importance for
characterizing the structure of corrosion products.
However, an established method has not yet been given
for describing the middle range ordering. An idea for
obtaining the partial structures in a binary disordered
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system has been proposed by fitting the experimental
interference functions with model calculation using the
reverse Monte Carlo (RMC) simulation technique /5,6/.
Some successful results with molten salts /7,8/ and
metallic liquid alloys /9/ prompt us to extend this idea to
a complex system.

The purpose of this paper is to describe one way to
obtain the middle-range ordering in a few nanometers
for a complex system including the results of corrosion
products formed on the steel surface /10,11/.

2. FUNDAMENTALS OF A NEW METHOD

An idea for obtaining the middle range ordering in a
system of interest is to estimate the realistic atomic
scale model structure by fitting two or three independent
experimental data with model calculation using the
reverse Monte Carlo (RMC) simulation technique. For
example, the atomic distribution in the region of a few
nanometers can be estimated by fitting both the ordinary
interference function and the environmental interference
function obtained from the anomalous X-ray scattering
(AXS) coupled with the reverse Monte Carlo (RMC)
simulation technique /7-11/. The resultant atomic
distribution is considered to be, at least as regards the
necessary condition, best for explaining two or three
independent experimental data, although it might not be
the sufficient condition /12/. The essential points of this
new method are given below.

Quantitative description of the atomic arrangements
in non-crystalline system featured by the short range
ordering usually employs the radial distribution function
(hereafter referred to as RDF) that gives the probability
of finding another atom from an origin atom as a
function of radial distance /1/. This RDF can be simply
extended to a crystalline system given by the long range
ordering, so that it is worth mentioning that the RDF
concept does give an almost unique way to present the
middle range ordering without any change in its
principle.

On the other hand, the environment of each atom
differs from those of other atoms in both crystalline and
non-crystalline systems including more than two
components. This frequently makes the interpretation of
their RDF data not so easy /13-15/. For this purpose, the
near neighbor atomic correlation of the individual
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chemical constituents or the local chemical environment
around a specific element is needed for materials
characterization of multi-component systems. The
anomalous x-ray scattering (hereafter referred to as
AXS) method, by using the so-called anomalous
dispersion effect near the absorption edge of the
constituent elements, has recently received much
attention, because its usefulness and validity were
recognized for providing information about the local
chemical environment of a specific element without any
assumption for many more elements in the periodic
table /12/. The availability of the intense white x-rays
produced from synchrotron radiation also greatly
improved both acquisition and quality of the AXS data
by enabling the use of an energy in which the
anomalous dispersion effect is the greatest. It would be
the present authors’ intention to employ the
experimental interference functions obtained from both
conventional and anomalous x-ray scattering in order to
get information of the middle range ordering. The
method for analyzing the measured AXS intensity data
has been described in detail /7,12/ and only some
essential points are given below, using the case of a
binary non-crystalline system.

The reduced interference function, /(Q,E) for a
binary non-crystalline system can be given as follows
17/,

i(Q, E)= Q. B)- Y ci [ (Q. E)

i

1 A (N
=3 cic, 1(Q. E)fi(Q, E){a; (Q)-1}
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where ¢, is the atomic fraction, /(Q,E) is the coherent x-
ray scattering intensity which corresponds to the
structurally sensitive part of the total scattering intensity
and f(QE) is the atomic scattering factor of i-
component, Q and E are the wave vector and the
incident x-ray energy, respectively. On the other hand,
a,(Q) is the Faber-Ziman’s type partial structure factors
of i-j pair /16/ and it is connected with the partial pair
distribution function g,(r) in the following Fourier
transform:

ay(@) =1+

7

12 [rigy(r)—1sin(Qr)dr, @)
2

where p, is the average number density in the system.
As seen in eq. (1), the coefficients of {ay(Q)-1}
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depend on the atomic scattering factors and
concentrations, so that the partial structure factors,
a,(Q), can be determined from three independent
scattering experiments for which the coefficients are
altered. The use of anomalous dispersion effect detected
in the close vicinity of the absorption edge relevant to
K- or L-shell electrons of a constituent is one way to
vary the atomic scattering factors.

When the energy of the incident x-ray beam is close
to the absorption edge of the constituent elements, the
atomic scattering factor should be expressed in the
following form /17/,

70, E) = £2(Q)+ F/(E)+if "(E) 3)

where £°(Q) corresponds to the scattering factor of the
constituent element at the energy sufficiently away from
the absorption edge. The values of f'(E) and f*(E)
are the real and imaginary components of the so-called
anomalous dispersion terms, respectively.

At the lower energy side of the absorption edge, the
f'(E) value gives a drastic change and the absolute
values of f*(E) and their energy-variation are quite
small. For these reasons, a distinct energy variation of
f'(E) at the lower energy side of the absorption edge
is convenient to the AXS measurement. It may be added
as one of the advantages for the AXS method in the
following. Since the absorption edge of any element is
separated at least by several hundred eV, sufficient
atomic sensitivity could be detected even in a system
containing next neighboring elements of the periodic
table /12/.

When the incident x-ray energies of E, and E, are
tuned in the lower energy side of the absorption edge
Es of A-element in an A-B binary system, the energy
variation in intensity, 4i4(Q,E\,E;), should be attributed
mainly to a change in the real part of anomalous
dispersion terms of the component A. Then, the
following simple relation can readily be given.

Aig(Q, Er, E2) =
{io.0-(r2@.e0)}- {10 E2)-(r 0. E))}

ca {fA(E) - fA(E)}W(Q, Er, E2)
_ caR{f4(Q. E1)+ f4(Q, E2)}

-1
W(Q, E, Ez) L=
cgR{f8(Q, E1) + f(Q, E2)}
-1
+ WO.E.B) (a48(Q) )(4)
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W(Q,Ei,Ex)=

S aR{H(Q E)+ /i (Q E2)} (5)

k=A,B

where E| < E; < E,, and R denotes the real part of the
values in the brackets. The quantity of Aiy(Q.E\,E>)
contains two partial structure factors, a44(Q) and a45(Q).
Similarly, Aig(Q,E;,Es) includes app(Q) and asp(Q). In
other words, Ais(Q,E,E,) in eq. (4) corresponds to the
environmental interference function contributed from
the structure related only to the A-element and the terms
in the front of {a,((Q)-1}are the effective weighting
factors. Then, the environmental interference function
can be extended to the generalized form and it is
connected with the pair distribution function as follows
12/:

Aig(Q, By, Ez)=
- A R{fk(Q,E1)+ fx (O, E2)} (_l_)

“,;" W(Q,Ey, E) 0
x j' axrpo { g ak(r) — 1} sin(Qr)dr (6)
0

Since the effective weighting factors for the radial
distribution function are usually approximated to an
average value in the range of ( space, the
environmental radial distribution function around A,
4nr’p4( r), could be described in the following form.

dzrtpa(r)=4nr* po +27’ [onia(@)sin(@rydg (1)
0

The idea of the environmental structure function
around a specific element is found to be quite effective
for discussing the structure/property relationships
without carrying out the complete separation of all
partial functions. This is particularly true in multi-
component non-crystalline systems containing more
than three elements /12/. It is also worth mentioning that
the basic concept of the partial structure is perfectly
unchanged in the environmental structure function
analysis. For example, there are six possible atomic
pairs, A-A, A-B, A-C, B-B, B-C and C-C in the A-B-C
ternary system. Then, the ordinary RDF is reflected on
these six partial structures, whereas the environmental
RDF around A obtained by the AXS measurement near
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the absorption edge of A contains three partials of A-A,
A-B and A-C. Thus, a relatively easy interpretation of
the results can be allowed.

3. THE MIDDLE RANGE ORDERING IN
MOLTEN CuBr

Noble metal halides such as CuBr are known to
show a superionic conducting phase, where the anions
form a body-centered cubic lattice whereas the cations
are almost randomly distributed within the space among
the anions /18/. This suggests that the structure of
cation-cation (Cu-Cu) pairs is fairly structureless and
different from those found in molten alkali halides such
as NaCl. In order to reveal such characteristic features,
the partial structure factors of Cu-Cu pairs and the
middle range ordering in molten CuBr are strongly
requested and then the AXS measurements in the
transmission mode for molten CuBr were carried out
with synchrotron radiation at a 7C beam line with a
Si(111) double-crystal monochromator covering the
energies ranging between 4 and 21 keV in the Photon
Factory, Institute of Materials Structure Science, High-
Energy Accelerator Organization, Tsukuba, Japan /7/.

The molten CuBr sample was filled into a devised
quartz cell through tubes with a spacing of 50zm
sandwiched between two quartz windows (10x20 mm?
and 100zm thickness). The sample was heated at a
temperature of 810+5 K, corresponding to 45 K above
the melting point and the sample reservoir was encased
with nickel for trapping CuBr vapor from the reservoir.
This sample cell was set in a high temperature chamber
/7/. Other details of the experimental procedure have
already been reported /7,12/ and are not duplicated here.

Figure 1 shows the coherent X-ray intensity profiles
of molten CuBr in electron units per atom. These
intensity profiles were obtained from the measurements
at four energies of 8.680, 8.955, 13.170 and 13.445 keV,
which are 300 and 25eV below the Cu-K (8.980 keV)
and Br-K (13.470 keV) absorption edges, respectively.
The intensity profile was also obtained with the incident
x-ray energy of 17.0 keV, which is far from two edges
and the result is included in Fig. 1. The remarkable
energy dependence in intensity is clearly detected and
such variation should be attributed to the change in the
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Fig. 1: Coherent intensity profiles of molten CuBr at
810 K in electron units per atom measured at
incident energies of 8.680, 8.955, 13.170,
13.445 and 17.0 keV /7/.

anomalous dispersion effects of Cu and Br. Numerical
examples of the f'(E) value are —3.062 at 8.680 keV
and —5.578 at 8.955 keV for Cu and —3.366 at 13.170
keV and -5.815 at 13.445 keV for Br, respectively. The
normal atomic scattering factors are taken from the
compilation of [International Tables for X-ray
Crystallography /19/. The atomic number density of the
molten CuBr used is 36.3 atoms/nm’, which is taken
from the value of its molar volume /20/.

It is worth mentioning that a small pre-peak denoted
by an arrow is also recognized in all three profiles of
Fig. 1. Such pre-peak has already been observed in
molten noble metal halides including CuBr /21/. The
energy dependence of this pre-peak intensity at the Cu-
K absorption edge is found to be distinct in comparison
with the Br K absorption edge case. For this reason,
when this correlation distance attributed to the pre-peak
is assumed to be the Cu-Cu pairs without any further
long-range atomic correlation of Cu, the corresponding
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scattering intensity may be approximated by the relation
of Iiwc(@) = sin(Q reuc)(Q Feucw)- In this case, the
peak position of Q reflects the maximum of the Q©r)
function. On the other hand, an empirical rule of (Q-r) =
2.5x is suggested in various liquid alloys with respect to
the relationship between the correlation length r in real
space and the peak position Q in the intensity profile
/22/. According to this empirical result, the pre-peak
position found in molten CuBr suggests the
corresponding correlation length of 0.79 nm. This
implies that a particular density fluctuation of the order
of 0.8 nm for Cu is quite likely to exist in molten CuBr
171.

The environmental interference functions QAi-(Q)
for Cu and QA4iz(Q) for Br are provided in Fig. 2
together with the ordinary interference function of
Qi(Q). Three partial structure factors of acusdQ),
ape{Q) and acuc(Q) were estimated directly from the

20}
10

-10}

Inlerference functions

1]

0 20 40 60 80 100
o/ nm™

Fig. 2: The ordinary interference function Qi(Q) and
the environmental interference functions
QAiy,(Q) and QAi¢,(Q) of molten CuBr. Solid
lines correspond to the experimental data.
Dotted lines denote values computed by the
RMC simulation technique.
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experimental data of Fig. 2 by solving the simultaneous
linear equation /12-15/ and some interesting results are
obtained /7/. For example, the first valley of ac,s{Q) is
located at Q value where the principal peak in ag.{(Q)
is situated and the partial structure factor of acucu(Q)
indicates a particular structureless feature which is
similar to the molten CuCl case /23,24/. However, it
should be stressed here that the resultant partial
structure factors are rather widely spread in certain
positions and such behavior is frequently found mainly
due to the experimental uncertainty and then the
unpredictable large fluctuation in numerical solution,
when the pivot of matrix is close to zero /25/. Such
small experimental errors cannot always be excluded
within the best knowledge of the present authors. For
these reasons, some reservations should be made with
respect to the quantitative accuracy of the partial
structure factors obtained directly from the AXS data.
This is particularly true from a standard mathematical
point of view, although an improvement in reliability for
further AXS measurements might be gained by
increasing the normalized determinant proposed by
Edwards et al. /15/. At the present moment it is still far
from ideal /12/. For this reason, the present authors
rather take the view that the realistic atomic structure
should be estimated in order to reproduce the
experimental AXS data and satisfy known physical
constraint, as employed in the pioneer work on the
partial structure of liquid CusSns by Enderby er al. /13/.
For this purpose, it may be safely said that the reverse
Monte Carlo (hereafter referred as RMC) simulation
technique /5,6/ is one of the useful methods. The results
for molten CuBr are as follows.

We used the RMC simulation technique in the way
essentially identical to that originally proposed by
McGreevy and Pusztai /5/ with an initial configuration
of 1728 particles; half of them represent Cu® ions, the
remaining half Br" ions, in a cubic box of size L = 3.624
nm for the molten CuBr case. The usual periodic
boundary conditions are employed and the partial pair
distribution functions, g;(r), are computed. By applying
the Fourier transformation to g,(r), the interference
functions via structure factors are compared with the
experimental AXS data of Fig. 2 by estimating the
following statistic.
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where (U.) and 4i,(Q.) are the calculated
interference function and its difference for a
component, measured at Q,, respectively. In addition,
o(Qp) and o, (Q,,) are the estimates of the experimental
uncertainty. Then, a new configuration is generated
through the random movement of one particle in a
computer. It may be cited that the cut-off distance was
set for each g,(r) closer than the direct contact value of
two particles, in order to prevent particles from

approaching un-physically close to one another. When
the new configuration violates these cut-off restrictions,
it is rejected and the previous configuration data are
restored. Otherwise the variation in gi(r) is computed,
and from this new °(Q), 4i(Q) and 4 are estimated.
Figure 3 shows the flow chart of the RMC technique.

Experimental data
i(Q), Ai(Q)
!

Set an intial configuration
!

Evaluate i(Q), Ai(Q) and ¥,
:

Move one atom at random
!

Evaluate new #(Q), Ai(Q) and ...

Accept new configuration

of Y

RMC solution

Fig. 3: Flow chart of the RMC simulation technique
for analyzing the AXS data.
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When the new value of y* is smaller than the old one,
the new configuration is accepted; otherwise it is
accepted only with a probability less than unity. Such an
iteration process is carried out until »* indicates a
reasonable convergence.

As shown in Fig. 2, the resultant RMC simulation
results can reproduce well three independent
interference functions of Q4ic,(Q), Q4iz(Q) and Qi(Q).
This agreement clearly suggests that the present
approach basically works well. For convenience, the
resultant three partial pair distribution functions of
molten CuBr are also given in Fig. 4 and the following
interesting points are suggested.

S~ 1 i £ | 'I g b ] L] [ 1]
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8 1
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0 0.2 0.4 0.6 0.8 1

Fig. 4: The three partial pair distribution functions of
molten CuBr.

The closest Cu-Cu distance is significantly smaller
than that for Br-Br, indicating the like-ion penetration
into the first unlike-ion coordination shell. An attempt
was made to replace the Cu-Cu closest distance with the
same value of the Br-Br case; however such
modification gave gross disagreement between the
experimental data and the calculated values. The
coordination numbers for Cu-Br and Br-Br pairs can be
estimated 3.1 at the distance of 0.245 nm and 11.4 at the
distance of 0.398 nm on the average, respectively. It is
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interesting that these values are closer to those for low-
temperature phase of y-CuBr, where the anions form a
fcc lattice, than the high-temperature superionic phase
of a-CuBr possessing a bce sub-lattice. The integration
of rzg(:,,(;,,(r) up to the first minimum in rzg(;,,,,,(r)
provides 1.2 Cu" ions penetrating to the first unlike-ion
coordination shell. Such characteristic penetration
behavior may be interpreted by a decrease in the
Coulombic repulsion force interacting between Cu® ions
due to the reduced charge transfer between unlike ions.
It is worth mentioning that the RMC simulation
technique is not a unique mathematical procedure.
Nevertheless, the resultant model structure obtained by

High Temperature Materials and Processing

fitting three independent experimental data is
considered, at least, in a sense of the necessary
condition at best although they might be not the
sufficient condition. Then, one can use the resultant
model structure for discussing the structural features
including the middle range ordering within the
framework of this physical constraint. Figure 5 shows a
projection of the atomic positions in a 1.2 nm thick
section obtained from a representative configuration
obtained in the RMC simulation process. Here, each
like-ion distribution is drawn separately at the bottom of
Fig. 5 and bonds between like-ions are also drawn as
sticks in order to emphasize the homogeneity in the

Cu' distribution
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Fig.5: A projection of the atomic positions in a 1.2 nm-thick section from a representative RMC-generated
configuration. Larger atoms are Br, smaller atoms are Cu. Cu-Br bonds denoted by the distance up to the first

minimum of rzg(‘,,,,,(r).
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partial structures.

The distribution of Cu’ ions is found to be less
uniform and much sparser, whereas the distribution of
Br ions is relatively uniform. The particular structural
feature of the Cu' ion distribution gives the local cation
density fluctuations with the length scale of about 0.8
nm. It is mentioned again that the pre-peak detected in
intensity curves (see Fig. 1) at about Q = 10 nm™" might
have originated from such Cu" distribution.

From a representative configuration obtained in the
RMC simulation process, the orientational three-particle
correlation in molten CuBr can be estimated by
calculating the bond angle distribution defined as the
number of angles between the two vectors joining a
central atom with any two neighbors of its coordination
shell. The results are given in Fig. 6. The bond angle
distribution in Br-Br-Br is characterized by two peaks
occurring at approximately 60° and 110° (see Fig. 6).
Combining the coordination number with the bond
angle distribution, a close packed atomic configuration
could be suggested for describing the anion-anion
correlation in molten CuBr. The bond angle distribution
in Br-Cu-Br indicates a single peak located at around

0 20 40 60 80 100 120 140 160 180

-1 517 757 "7 T T 7T1r 77T

Br-Br-Br

Cu-Cu-Cu

Bond angle distribution B(¢)

Br-Cu-Br

i Sy S | W g

0 20 40 60 80 100 120 140 160 180
¢ / degree

Fig. 6: Bond angle distributions of molten CuBr
within the first coordination shell.

64

A New Method of Materials Characterization for a Complex System

By Obtaining the Middle Range Ordering

102°, which is not far from the ideal intra-tetrahedral
angle of 109.3° This suggests that tetrahedral
coordination of Br’ ions around Cu’ ions is quite likely
to be a fundamental local ordering unit structure in
molten CuBr. On the other hand, no specific feature is
found in the bond angle distribution for Cu-Cu-Cu and
it suggests only a very weak correlation. Considering all
the results obtained in this work, the structure of molten
CuBr can be described as a disordered close packing of
Br ions, where the Cu’ ions take strongly disordered
distribution by meandering through essentially
tetrahedral holes.

This conclusion could be drawn only from the
realistic atomic scale model structure including the
middle range ordering estimated by fitting three
independent experimental data using the RMC
simulation technique.

4. THE MIDDLE RANGE ORDERING IN
CORROSION PRODUCTS FORMED ON THE
STEEL SURFACE

Quantitative characterization of the atomic scale
structure of corrosion products (frequently referred to as
rust) is of great importance, because corrosion process
of steel is known to be severely affected by the variety
of state of corrosion products formed on the steel
surface. For example, the corrosion rate of steel
substrate in atmosphere is found to considerably reduce
when the rust layer containing some small amount of
alloying elements covers the steel surface as a protective
film. However, the structure of corrosion products,
which are ferric oxyhydroxides with some alloying
elements, is not so simple and they are rather classified
into a complex system. Since the corrosion products are
formed by reaction of metallic elements, mainly iron,
with oxygen and water originating from atmosphere,
their structure appears to be severely affected by
conditions. The corrosion products are found to consist
of various components such as a-FeOOH, $3-FeOOH, y-
FeOOH and Fe;O4 /3,26/. For these reasons, the
crystallographic structure with the long range ordering
is not sufficiently confirmed and some parts of steel rust
are frequently assigned to the amorphous state
characterized by the short range ordering /4/.
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Several methods, such as electron probe micro-
analysis, infrared spectroscopy, Raman spectroscopy,
Mdssbauer spectroscopy and EXAFS analysis have
been applied, in order to characterize the structure,
chemical composition and morphology of corrosion
products formed on the steel surface under various
conditions /26-32/. The results. provided some
interesting and important information on their
composition and structure. Particularly, the EXAFS
results /31,32/ suggest the local ordering unit structure
of corrosion products is represented mainly by the FeOs
octahedral unit structure and the linkage of such FeOs
octahedra is, more or less, distorted by chromium
addition. In addition, hydrogen atoms are quite likely to
be intercalated in these structure units. However, some
reservations have been stressed regarding information
about linkage of the FeOg octahedral unit structure,
because the EXAFS data result only from the near
neighbor atomic arrangements. This strongly suggests
the great importance of the middle range ordering for
characterizing the corrosion products. The use of the
AXS method coupled with the RMC simulation
technique has brought about a significant breakthrough
in this subject.

Some details of sample preparation and
measurements are as follows. Five samples of iron, iron-
2.0 mass% chromium, iron-3.0 mass% nickel and iron-
1.6 mass% copper alloys were prepared from pure iron,
chromium, nickel and copper by vacuum induction
melting. These samples are hereafter referred to as Fe,
Fe-2%Cr, Fe-3%Ni and Fe-1.6%Cu, respectively. A
commercial weathering steel referred to as WS, of
which the chemical composition is 0.10%C, 0.050%Si,
0.50%Mn, 0.096%P, 0.016%S, 0.15%Ni and 0.56%Cr
in mass%, was also employed. These samples were
shaped to10 mm square sheets of 1 mm in thickness and
they were leached in artificial seawater with 2.5 mass%
NaCl, 1.1 mass% MgCl,, 0.4 mass% Na,SO, and 0.07
mass% KCI at room temperature for about 15 days, so
as to form colloidal corrosion products, from which
powder rust samples were obtained by filtering.

Conventional diffraction experiments were carried
out using Cu Ko radiation, in order to identify
constituents of the corrosion products, and precise
diffraction measurements were also made using Mo Ka
radiation, which was generated at a power of 18 kW by
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Rigaku RINT-2000 with a graphite monochromator
located on the diffracted beam line. AXS measurements
were performed for estimating the environmental
interference function for Fe in the corrosion products at
BL-7C of Photon Factory, High Energy Accelerator
Research Organization. The incident x-ray energies
were tuned at 7.086 and 6.811 keV. These energies
correspond to 25 and 300 eV below the Fe K absorption
edge (7.111 keV), respectively. It is noted that the
f'(E) values are —2.884 at 6.811 keV and —5.368 at
7.086 keV for Fe, respectively.

The network structure consisting of FeOq octahedra
corresponding to the middle-range ordering was
estimated using the RMC simulation technique. In this
simulation, we started with an initial configuration of
4320 particles, iron atom = 1440 and oxygen atom =
2880 in a volume of 3.76 x 3.88 x 3.68 nm’, positioned
along the way similar to an ideal structure of y-FeOOH,
in a super cell and the computed interference functions
were compared with two independent experimental data
of the ordinary and environmental interference
functions. A new configuration is then generated by the
random movement of particles and the interference
functions are computed. Such iterative process is made
until we get a reasonable convergence /10,11/. It has
also been the focusing point of this work to reveal the
network structure and its distortion from the ideal case
found in a typical component of corrosion products, y-
FeOOH. This includes how the alloying elements affect
the structure of rust formed on the surface of iron-based
alloys and commercial steel.

Figure 7 shows the differential intensity profile (top)
of a rust sample obtained from two intensity profiles
(bottom) by the AXS measurements using the results of
rust formed on Fe-2%Cr as an example /10/. Such
differential intensity profiles obtained in different
samples in a similar manner were used for analyzing the
environmental interference functions for Fe. On the
other hand, Fig. 8 gives the interference functions of
five samples obtained from diffraction measurements
using Mo Ko radiation /10/. It may be worth
mentioning here that the present rust samples consist
mainly of y-FeOOH for all five cases, although a few
signals of other components such as o-FeOOH and
Fe;O, are detected.

Figure 9 shows the radial distribution functions
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Fig. 7. Differential intensity profile (top) of rust
formed on Fe-2%Cr obtained from the intensity
profiles (bottom) measured at two energies of
7.086 and 6.811 keV near the Fe absorption
edge /10/.

(RDF) for the y-FeOOH component formed on the
surface of Fe, Fe-2%Cr, Fe-3%Ni, Fe-1.6%Cu and WS,
which were obtained from the interference functions of
Fig. 8 by Fourier-Transformation. These results clearly
suggest there are some differences in the atomic scale
structure of five rust samples by detecting changes in
position, peak height and its shape. However, any
definite comment about the linkage of the FeOs
octahedral unit structure cannot be drawn from these
data alone.

The realistic atomic scale structure of the y-FeOOH
component in the range of a few nanometers can be
estimated by fitting the ordinary interference function
Qi(Q) and environmental interference functions
QAig(Q) using the RMC simulation technique. Figure
10 shows a comparison of the ordinary interference
function Qi(Q) and environmental interference
functions QAir(Q) for Fe using the case of Fe-2%Cr
/10/. Open circles denote the experimental data and
solid lines are the results computed by the RMC
simulation. The resultant middle range ordering in the y-
FeOOH component is illustrated in Fig. 11, using the
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Fig. 8: Interference functions of rust formed on Fe, Fe-
2%Cr, Fe-3%Ni, Fe-1.6%Cu and WS.
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Fig. 9: Radial distribution functions of rust formed on
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Fig. 10: The ordinary interference function Qi(Q) and
environmental interference functions QAI(Q)
for Fe of rust formed on Fe-2%Cr. Open
circles and solid lines denote the
experimental data and calculated values using
the RMC simulation technique.

y-FeOQOH (ideal)

High Temperature Materials and Processing

ideal y-FeOOH structure and the y-FeEOOH component
in rust formed on the surface of Fe-2%Cr. The deviation
of network structure from the ideal y-FeOOH is clearly
observed and it has been quantified in the y-FeOOH
component in rust formed on the surface of Fe-2%Cr.
Such RMC simulation was made in another four cases;
Fe, Fe-3%Ni, Fe-1.6%Cu and WS. Then, the realistic
atomic scale structure of the y-FeOOH component in
five rust samples formed on the different alloy surface
has been visualized and the results are summarized in
Fig. 12. It would be very interesting to note that the
atomic scale structure of the y-FeOOH component in
rust significantly dependent on the composition of
substrate materials.

A new method for visually displaying the deviation
of the FeO4 network structure from the ideal y-FeOOH
case has also been proposed by interpreting two
parameters /10/: a bond angle between different
orientations of two iron atoms in the network of the
FeOq octahedral unit structure.d. and a distance between
the two Fe-Fe pairs, r, as shown in Fig. 13. In the ideal
case of y-FeOOH, the bond angle & can be found at
about 0, 60, 90 and 120 degrees. The present authors

Fig. 11: A projection of the atomic positions in the middle range ordering from a representative RMC-generated
configuration for rust (b) formed on the Fe-2%Cr surface. The ideal structure found in y-FeOOH is also given
in (a) as a reference. Here, the FeOq octahedral unit structure is employed for presentation.
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A projection of the atomic positions in the middle range ordering from a representative RMC-generated

Fig. 12

configuration for five rust samples. Here, bonds between nearest neighbor Fe atoms are drawn by sticks. (a)

ideal y-FeOOH, (b)Fe, (c)Fe-2%Cr, (d)Fe-3%Ni, (e)Fe-1.6%Cu and (f)WS.

Schematic diagram for analyzing the network structure of rust by estimating bond angle distribution B(6,r)

between Fe-Fe pairs.

Fig. 13
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maintain the view.that the bond angle distribution
defined by B(6,r) between Fe-Fe pairs as a function of
angle @ and distance r is one useful way to represent the
deviation of the network structure from the ideal case.
The results are summarized in Fig. 14 /10/. From this

(a) y-FeOOH
B(0.r) 4

High Temperature Materials and Processing

systematic information on the middle range ordering of
the y-FeEOOH component in rust formed on the surface
of iron-based alloys and commercial steel, the distortion
of the FeO, octahedral units and their network structure
from the ideal y-FeOOH case is summarized in Fig. 15.

Fig. 14: Bird views of bond angle distribution B(6,r) between Fe-Fe pairs for five rust samples. (a) ideal y-FeOOH,
(b)Fe, (c)Fe-2%Cr, (d)Fe-3%Ni, (e)Fe-1.6%Cu and (f)WS.
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between deviation from the ideal case with
respect to the fundamental unit structure and
the network structure for five rust samples.

The atomic scale model structure of the y-FeOOH
component in rust formed on iron based alloys and
weathering steel has been estimated and it is quite likely
to be represented by the distortion of the FeOs

A;'?'

'/’I

Fig. 16:

A New Method of Materials Characterization for a Complex System.
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octahedral units and their network structure. Such
features are found to depend on the composition of
substrate materials. This implies that an alloying
element, more or less, occupies a certain site of the
FeOg unit structure formed during corrosion and such
occupation may affect not only on the short range
ordering but also on the middle range ordering
characterized by the FeOq octahedral units. Figure 16
shows the results on the middle range ordering recently
obtained for two synthesized a-FeOOH samples
containing chromium /11/. The linkage of the FeOgz and
CrOg octahedral unit structures is cited in a-FeOOH
with 29 % Cr and the distortion in linkage of these
octahedral unit structures is considered to result from
the substitution of iron for chromium in the a-FeOOH
structure. Thus, it is not too much to say that the
alloying elements play an important role in the
formation processes of the atomic scale structure of rust,
although hydrogen in the rust structure, which has not
yet been clarified, may also be important.

Within the best knowledge of the present authors,
systematic differences in the atomic scale structure of
rust formed on iron and steel were quantified for the
first time. The method described in this work is

A projection of the atomic positions in the middle range ordering from a representative RMC-generated

configuration for (a) a-FeOOH and (b) a-29Cr. visualized by the FeOg octahedral unit structure. The CrOq
octahedral units in «-29Cr are denoted as dark octahedron in (b) /11/.
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considered to be one way to reduce the difficulty in
materials characterization of corrosion products, which
is still a matter of controversy. Although only
quantitative analyses of the atomic scale structure in the
y-FeOOH component of rust formed in salt water has
been made, it would be very interesting to extend the
present method to other rust components such as a-
FeOOH and Fe;O, By a series of such structural
analyses together with corrosion experiments, the
condition for designing protective rust layers on low-
alloyed steel may be optimized.

5. CONCLUDING REMARKS

Anomalous X-ray scattering (AXS) coupled with the
reverse Monte-Carlo (RMC) simulation technique has
been used for obtaining the realistic atomic scale model
structure including the middle range ordering. The
usefulness of this new method was confirmed by
obtaining some interesting structural information, which
is not sufficiently represented yet, with respect to a
complex system such as molten CuBr and corrosion
products (ferric oxyhydroxides, such as FeOOH)
formed on the steel surface. This method would be
valuable for materials characterization not only of non-
crystalline systems but also of crystalline systems in the
variety of states.

On the other hand, it should be kept in mind that the
present method coupled with the RMC simulation
technique is not a unique mathematical procedure.
Nevertheless, the resultant model structure obtained by
fitting two or three independent experimental data is
considered, at least, in a sense of the necessary
condition although it might be not the sufficient
condition. For this reason, we believe that the present
method is one way to obtain the realistic atomic scale
model structure in the range of a few nanometers within
the framework of information in a sense of necessary
condition at best. Thus, it would be very promising to
extend this method to the estimation of the middle range
ordering of various systems, so that its validity may be
tested on a wider base.
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