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a b s t r a c t

The radiation damage produced in reactor pressure vessel (RPV) steels during neutron irradiation is a
long-standing problem of considerable practical interest. In this study, an extended X-ray absorption fine
structure (EXAFS) spectroscopy has been applied at Cu, Ni and Mn K-edges to systematically investigate
neutron induced radiation damage to the metal-site bcc structure of RPV steels, irradiated with neutrons
in the fluence range from 0.85 to 5.0 � 1019 cm�2. An overall similarity of Cu, Ni and Mn atomic environ-
ment in the iron matrix is observed. The radial distribution functions (RDFs), derived from EXAFS data
have been found to evolve continuously as a function of neutron fluence describing the atomic-scale
structural modifications in RPVs by neutron irradiations. From the pristine data, long range order beyond
the first- and second-shell is apparent in the RDF spectra. In the irradiated specimens, all near-neighbour
peaks are greatly reduced in magnitude, typical of damaged material. Prolonged annealing leads annihi-
lation of point defects to give rise to an increase in the coordination numbers of near-neighbour atomic
shells approaching values close to that of non-irradiated material, but does not suppress the formation of
nano-sized Cu and/or Ni-rich-precipitates. Total amount of radiation damage under a given irradiation
condition has been determined. The average structural parameters estimated from the EXAFS data are
presented and discussed.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

The reactor pressure vessel (RPV) is an iron base alloy, and it is
the most important pressure-barrier component as far as the safety
of a nuclear power plant is concerned. Both neutron irradiation and
long term exposure at �600 K are responsible for the hardening,
embrittlement and a decrease in ductility of the RPV steels [1–3].
These are indeed one of the limitations of the lifetime of the reac-
tors. Well-known microstructural changes in the RPV steel under
neutron irradiation are irradiation-induced defects, such as vacan-
cies and interstitials, vacancy–impurity complexes of admixture
atoms, or a high number density (� 1023 m�3) of very fine solute
clusters [4], the size of which is known to be of the order of few
nanometers. Copper is the most important element for clusters for-
mation due to its higher initial (radiation enhanced) diffusivity
compared to other solutes. Its solubility in pure Fe at the typical
irradiation temperature measures to be also very low (�0.007%
[5]). In practical RPV steels, it is considered that other impurities
and alloying elements, for example, P, Mn, Cr, Ni, etc., affect the
Cu precipitation process. For the case of low-Cu steels (<0.05%),
ll rights reserved.

: +41 56 310 2203.
these solutes can also form precipitates by the same mechanism,
causing embrittlement. However, the formation of non-Cu solute
precipitates is much slower than for Cu-rich precipitates, and as
such the current understanding of such nanostructures on RPV life-
time remains only partially understood [6].

For these reasons, the influence of neutron irradiation in RPV
steels has been extensively studied, both theoretically and experi-
mentally, since many years [7–11]. A variety of experimental tech-
niques such as transmission electron microscopy (TEM) [12], field
ion microscopy [13], atom-probe topography (APT) [14], positron
annihilation [15] and Mössbauer spectroscopy [16], etc. have been
used for understanding the defect structures and materials modifi-
cations. Beside the mechanical testing commonly used for struc-
tural integrity analysis of RPVs, these techniques are applied to
provide further sight into the microstructured evolution. However,
most of the available experimental data that are used to qualify the
various damage models are basically Charpy impact data [8]. The
embrittlement is evident from the changes in the mechanical prop-
erties of the steels: shift of the ductile-to-brittle transition temper-
ature towards high temperatures, loss of the upper shelf energy
and/or reduction of the fracture toughness. It has been also corre-
lated with the neutron flux, total fluence, the temperature and the
solute content, especially the amount of P, Mn, Cu and Ni in the
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RPV steels. It is now established that the ageing and irradiation re-
lated degradation of RPVs are very complex processes dependent
on many factors (e.g., irradiation conditions and thermal treat-
ments, chemical compositions, fabrication and post-production
processing conditions, etc.). The radiation damage produced, and
properties of RPVs strongly depend on its microstructures and test-
ing scenario. Although the basic microscopic mechanisms for the
matrix damage accumulation, radiation enhanced solute precipita-
tion and/or grain boundary segregation [9] are fairly well-known,
however, due to the complexity of the problem there are still many
unknowns regarding migration of solute atoms (Cu, Ni, Mn, etc.) in
the presence of defects. Although crystallographic irradiation de-
fects are well visible in TEM as far as they are not single vacancies
or interstitials, instead, the created small and coherent precipitates
in ferritic steels are very difficult to characterize experimentally.
Because of coherency these features are mostly below the resolu-
tion limit of the transmission electron microscope. Thus, an atom-
ic-scale description of the lattice disorder in RPV material, which is
local in particular and element-specific providing definitive infor-
mation on the near-neighbour atomic environment, is essential.
Local probes that treat ordered and disordered regions on an equal
footing should be able to provide a more detailed, atomic-level
description of the damage. Nuclear magnetic resonance (NMR) is
one such technique, although it does not easily lend itself to a di-
rect structural interpretation. The extended X-ray absorption fine
structure (EXAFS) spectroscopy technique employed here provides
another local probe. It has the advantage that it gives radial pair-
distance distribution information around a specific atomic species,
since it relies on the backscattering of a photoelectron from a core
excitation. Other experimental methods mentioned above already
employed for the description of lattice disorder in in-service RPV
steels and/or any iron-based model alloys are not sensitive to
any small change in the local, crystallographic next-neighbour
atomic distributions.

2. Experimental

2.1. Materials and irradiation

The RPV steels examined were two heats of A533B class 1
plates. The material contains several alloying elements or impuri-
ties (1.42% Mn, 0.84% Ni, 0.51% Mo, 0.24% Si, 0.18% C, 0.14% Cu,
0.12% Cr, 0.017% P, 0.004% S and 0.002% V, all in wt% with the bal-
ance in Fe). They were prepared for experimental needs during the
implementation of an International Atomic Energy Agency (IAEA)
co-ordinated research project on the behaviour of RPV steels under
neutron irradiation [17]. The neutron irradiation was performed in
the 10 MW SAPHIR reactor [at a neutron flux of � 4� 1012 cm�2

(fast component >1 MeV)] in Switzerland according to the reactor
parameters described in Ref. [18], and at various fluences in the
range 0:85—5:0� 1019 cm�2. The irradiation temperature was con-
trolled at 560� 5 K. Thermal annealing (at 735 K for a duration of
168 h) of irradiated samples was conducted in a hot cell under a
protective gas atmosphere. Additional specimens were also pre-
Table 1
Neutron irradiations and post-irradiation annealing temperatures for all the samples inve

Specimen identification 1st Irradiation fluence (cm�2) Thermal anneali

T (K)

REF – –
I 5.0 � 1019 –
IA 5.0 � 1019 735
IAR 0.85 � 1019 735
IARA 0.85 � 1019 735
pared that were thermally annealed at 735 K for 18 h when 50%
of the total target fluence was reached, followed by reirradiation
to the same total target fluences. These reirradiation experiments
were carried out in the Ford reactor at the University of Michigan
in USA. The displacement-per-atom (dpa) parameter was calcu-
lated in order to characterize the radiation damage level. For the
calculations, the neutron flux spectrum [18] has been used as input
to the SPECTER computer code [19]. A simplified calculation gave
the dpa doses ranging from 1:2� 10�2 to 7:1� 10�2 dpa for 0.85
to 5:0� 1019 cm�2 exposed specimens, respectively, if the thresh-
old energy for Fe displacement is assumed to be 24 eV. However,
the helium and hydrogen generation amounts of RPVs were found
negligible. Evolution of microstructural features (e.g., ultrafine Cu-,
Mn-, Ni-, Si- and P-enriched precipitates etc.) following various
stages of irradiation, annealing and/or reirradiation, as well as
the mechanical property data of these steels can be found in Refs.
[4] and [20]. Four selected samples from this batch were collected
for EXAFS measurements the results of which are presented in this
work. Details of the specimens are summarized in Table 1. Apart
from the irradiated steels, another piece of unirradiated sample
(hereafter REF, which was the same material as of the irradiated
ones), was also selected for EXAFS investigation.

2.2. EXAFS and data analysis

In order to determine the local atomic configuration of constit-
uent elements in irradiated RPVs, i.e., the nearest-neighbour atom-
ic distance, the relative coordination number, and similar
information for some successive shells, we utilized the X-ray
absorption spectroscopy (XAS) facility available at the Swiss Light
Source (SLS), on the l-XAS beam line under dedicated ring condi-
tions (2.4 GeV, 400 mA). Due to the high dilution of the samples, all
measurements were performed in fluorescence mode using a 32-
element hyperpure Ge detector. The incident X-ray intensities
were measured by means of a gas-flow ion chamber. Data were
also recorded from a pristine RPV specimen (REF) for use as struc-
tural comparators and reference spectrum. For calibrating the en-
ergy output of liquid nitrogen cooled Si(111) double-crystal
Bragg monochromator, the K-edge excitation energy ðE0Þ of 7112
and 8979 eV measured from high purity iron and copper foils,
respectively, were set equal to the maximum of the first deriva-
tives of the absorption spectra. XAS data processing and numerical
analysis were performed using the computer program IFEFFIT [21].
Each channel of each scan was examined for glitches prior to aver-
aging. Data reduction was performed in the usual manner, extract-
ing the EXAFS signals vðkÞ after background removal, Fourier
transforming (FT) the data in the real space R in order to obtain
the radial distribution function (RDF) around the absorber atoms,
and back-Fourier transforming in a limited R range, to get first
neighbors contribution to the EXAFS signal. As known from the EX-
AFS theory, the FT reproduces in first approximation the atomic ra-
dial distribution function around the probed species (i.e., Cu, Ni
and Mn in our case). A quantitative analysis has been done on
the FT peaks by using standard fitting procedures. The optimized
stigated in the present work.

ng 2nd Irradiation fluence (cm�2) Thermal annealing

t (h) T (K) t (h)

– – – –
– – – –
168 – – –
18 0.85 � 1019 – –
18 0.85 � 1019 735 168
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structural parameters, namely: S2
0 - amplitude reduction factor, N –

coordination number, R – interatomic distance, r2 - Debye Waller
(DW) factor, DE0 (a correction to E0), were derived from the fits,
taking into account both the many-electron effects and the vibra-
tions of neighbouring atoms around their equilibrium positions.
Quality of the fits were judged by the EXAFS R-factor as defined
in the IFEFFIT code, which represents the absolute misfit between
theory and data. The acceptable values are in the order of a few
percent with a lower value implying a better fit. Theoretical
phase-shift and backscattering amplitude functions for quantita-
tive EXAFS fitting were generated using the modern relativistic
code FEFF-8.2 [22]. This theoretical approach describes the photo-
electron final states by an ab-initio curved-wave multiple-scatter-
ing calculation using an energy-dependent exchange-correlation
for self-energy within a muffin-tin potential. In our analysis, K-
edges final-state potentials for the central atoms (i.e., Cu, Ni or
Mn) were calculated using atomic clusters derived from the known
atomic coordinates of body-centered-cubic (bcc) phase Fe struc-
tures as referred in Refs. [23,24].
Fig. 1. Normalized and background removed K-edge absorption spectra of pristine
RPV steel specimen (REF) in the as-prepared state and before neutron irradiation.
The data are shown for Cu, Ni and Mn K-edges. Insets in each plot show the
magnitude of the k3-weighted EXAFS signal versus the photoelectron wave number
k.
3. Results and discussion

3.1. Atomic environment around Cu, Ni and Mn

Examples of measured XAS spectra at the Cu, Ni and Mn K-
edges from the reference (i.e., unirradiated, REF) RPV steel sample
are shown in Fig. 1. In the inset, magnitude of the corresponding
k3-weighted EXAFS signal is shown. The edge position, taken as
equal to the maximum value of the differential coefficients of the
spectrum near the edge, reveals an E0 value of 8979.2, 8333.3
and 6538.6 eV for Cu, Ni and Mn, respectively. These values are in-
deed identical to the reference K-edge excitation energies of corre-
sponding metal foils. The data presented in Fig. 1 clearly indicate
excellent quality EXAFS in the spectral k range of 2—12 Å

�1
for

both Ni and Mn ones, and rather good in the case of Cu although
its amount was very low (�0.14 wt%). For a quantitative analysis
of these data, the fitting procedure was adopted using the standard
methods as summarized in the previous section. Fig. 2 plots Fourier
transformed EXAFS spectra for the REF sample as well as that of
four neutron-irradiated and annealed RPV steels. In all cases the
EXAFS data was weighted by a Hanning window and the range
transformed extends from k ¼ 3:0 to 10:5 Å

�1
. The spectra drawn

with symbols and solid lines are the measured and corresponding
best-fitted one, respectively. Table 2 contains the analyzed numer-
ical results for all these specimens. In the insets in Fig. 2(a–c),
experimental FT data of all samples for each absorber element
are shown in the overlap mode to identify structural differences
from a preliminary inspection of the data. It is clear that the ob-
served effects cannot be considered insignificant and/or within
the experimental uncertainties.

The EXAFS measurement from the REF steel clearly reveals an
excellent crystallinity around all the absorber atoms. The FT data
presented in Fig. 2 illustrates Fourier features which are character-
istic of the bcc-Fe-sites environments. For all three absorber ele-
ments (Cu, Ni and Mn) studied the RDF shows that there are
three strong amplitude peaks between 2.0 and 5.5 Å whose dis-
tance R is around 2.5, 4.0 and 4.8 Å, respectively. A small structure
peaking at about 3.4 Å can be also seen in the spectrum. The first
strong peak at about 2.5 Å stems from the first and second neigh-
bour of the Fe lattice. The magnitude intensity of the second peak
near 4.0 Å is sensitive to the coordination number as well as
geometry of third neighbours. The peak around 4.8 Å contains a
contribution from long-range order (fourth- and fifth-shell). Infor-
mation about the local structure in this REF sample is, therefore,



Fig. 2. Fourier transform (FT) of the k3 � v(k) data of the REF sample in Fig. 1
together with the FT data of four neutron irradiated samples as described in Table 1.
The Cu edge data (a), Ni edge data (b), and Mn edge data (c) are shown for the
transform k range between 3.0 and 10.5 Å�1. In each plot, the curves are vertically
shifted with respect to each other for clarity. The data points are provided with
symbols and continuous lines represent the best fit to the data. In the insets
experimental FT data of all samples are shown in the overlap mode.
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obtained by fitting these data with corresponding atomic scatter-
ing functions calculated using FEFF [22]. The analysis using FEFF
model of the bcc Fe lattice structure yielded a good fit to the exper-
imental data. The starting FEFF model comprises all single scatter-
ing paths within the fit range and all multiple scattering paths up
to 6.0 Å. The single scattering peaks around Cu, Ni and Mn sites are
surrounded by 8 Fe atoms at 2.49 Å, 6 at 2.87 Å, 12 at 4.06 Å, 24 at
4.76 Å and 8 at 4.97 Å in the first five consecutive neighbour shells.
During the preliminary fitting analysis of Cu, Ni and Mn data of this
REF sample, the R, r2 and DE0 of contributing atom shells were
floated while all other parameters were held fixed at their theoret-
ical values. Once approximate values of the radial distances as well
as DW factors were determined, additional fits were carried out in
which the R and r2 values were fixed and the N, S2

0 and DE0 values
were allowed to vary. Further refinement of the fit was achieved by
fixing N, S2

0, and r2 values at the fitted values and again varying R
using the previously determined values as the starting values. Fi-
nally, all parameters were floated from the starting values deter-
mined from the above approach until a best fit for all parameters
was obtained. The refined values (see Table 2) obtained from the
curve fit give realistic DW factors, correct order for the bonds,
and appropriate coordinations for the first five consecutive neigh-
bour shells. All data in Fig. 2 have also been corrected for electron
phase shifts using the 1st shell-path from FEFF and therefore the FT
peaks should correspond directly with the true bond distances of
the near neighbours. At this point let us mention that Cu and Ni
atoms, when compared to Fe in terms of their sizes, behave as
equivalent backscatterers, and indistinguishable from the XAS
point of view. Therefore, in our present analysis, the local environ-
ment of solute atoms (i.e., Cu, Ni and even Mn) has been deduced
assuming only one kind of neighbour for the central atom residing
in a bcc-cluster of Fe lattice. Thus, the contributions from Cu–Fe
correlation (for example) in the FT peak imply the results of Cu–
Fe (Cu,Ni or Mn) atoms-shell in practice, Cu being the central atom.

Dealing with neutron irradiated samples, the RDFs exhibit
remarkable differences in many respects. Significant radiation
damage effects are readily apparent in the raw data. From the qual-
itative comparison of RDF spectra of these specimens (shown in
Fig. 2) relative to that in the pristine state, following observations
can be made. An overall similarity of Cu, Ni and Mn atomic envi-
ronment in the iron matrix is observed. In the FT data of irradiated
samples a systematic attenuation experienced by all peaks corre-
sponding to various next-neighbour shells (first to fifth) is evident.
The amplitude reduction is strongest for the specimen irradiated
with the highest neutron fluence (sample I), and in the first-FT
peak which originates from the first- and second-shell contribu-
tions to the FT data. An increase in the EXAFS amplitude can be also
observed in the spectrum of the annealed sample irradiated at a
neutron fluence of 5:0� 1019 cm�2 with respect to that of the as-
irradiated one (I and IA conditions). However, a significantly lesser
change is apparent for IAR and IARA samples. In contrast, the peak
positions in the RDFs which correspond to metal-metal bond
lengths exhibit no neutron-dose or post-irradiation-temperature
dependence within experimental error. Preliminary fits to the data
from these irradiated samples showed that the decrease in ampli-
tude is due to both a decrease in the amplitude reduction factor S2

0

and an increase in each atom pair’s r2 with total neutron fluences.
Since the EXAFS amplitude for a given shell is proportional to both
N and 1/r, damping due to disorder results from the disorder-in-
duced increase of the DW factor and the decrease of coordination
numbers in each shell. To quantify this damage resulting from neu-
tron irradiation effects, we therefore introduce in our analysis an
overall scaling factor (a) multiplied to the term S2

0. This parameter
a should describe the damaged fraction in the irradiated RPV steel
lattice. The fits to the EXAFS spectra of irradiated samples were



Table 2
Results of the EXAFS analysis on Cu, Ni and Mn sites in neutron irradiated RPV steels. The EXAFS result of the un-irradiated REF sample is also shown for a comparison. S2

0 denotes
the amplitude reduction factor, a is the scaling factor, and r2 represents the Debye Waller factor. See the text for further details.

Absorber atom Specimens Identification Overall scaling factor (a) r2(�10�4) (Å2) (in various coordination shells) Quality factor R (%)

1st and 2nd 3rd 4th and 5th

Cua REF – (1.00) 45 (±6) 59 42 1.5
I 0.73 50 82 63 1.6
IA 0.80 43 77 46 0.9
IAR 0.83 46 67 59 1.7
IARA 0.88 49 82 67 0.3

Nia REF – (1.00) 42 69 109 0.5
I 0.73 38 79 157 0.7
IA 0.89 57 65 85 0.5
IAR 0.92 42 71 85 0.9
IARA 0.92 42 78 106 0.3

Mna REF – (1.00) 32 68 68 1.4
I 0.76 36 86 87 1.8
IA 0.83 29 74 74 1.0

a S2
0, DR and DE0 are in the range of 0.83–0.87, �0.08–0.05 Å and �3.0–5.0 eV, respectively.
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done in R space. In the fitting procedure the coordination number
was fixed to the nominal value for each scattering path. The ampli-
tude reduction factor S2

0 was also constrained to be the best-fit val-
ues of 0.85, 0.83 and 0.87 for Cu, Ni and Mn K-edge data,
respectively. These values were derived from the data of REF sam-
ple. Special care was taken to extract the high-shell structural
information with high accuracy. The data were analyzed in two
steps. First, a two-shell fit for the nearest Cu–Fe (also similar for
Ni and Mn edge data) coordinations was done in the R range of
1.5–3.5 Å by varying bond lengths R, DW factor, and shift of the en-
ergy origin DE0. Second, in the fits for higher shells in the R range
from 3.5 to 6.0 Å, r2 and R for each path were treated as adjustable
parameters, while DE0 was fixed to the best-fit value for the first-
two shells. In this way, the correlation between R and DE0 was re-
duced, and hence the number of free parameters in the fits. This
approximation is reasonable, since Cu (or Ni) and Fe have the sim-
ilarity in their ionic radii, and have very close values of electroneg-
ativity [25]. Therefore, the electrostatic potentials induced by
charge transfer between Cu and Fe atoms can be neglected, and
the approximation of neutral absorber atom assumed by FEFF is
valid, so that an overall DE0 is enough for all scattering events.
The overall fitting results are shown in Fig. 2 as continuous lines
superimposed on the data points. The best-fit structural parame-
ters are summarized in Table 2. The values for interatomic dis-
tances R are not mentioned in Table 2 as they were found not
being affected by the neutron irradiations and within the experi-
mental uncertainties.

Considering the information derived from EXAFS analyses fol-
lowing conclusions can be drawn from Table 2. The main difference
in the local structural parameters due to irradiations is a system-
atic change in overall scaling factor a that relates changes in the
coordination numbers in nearest-neighbour atomic shells, and an
increase in the DW factors upon irradiation and post-irradiation
annealing. These results are not graphically depicted since they
are also partly evident in the RDFs spectra shown in Fig. 2 (see
the insets). The progressive decrease of the nearest-neighbour
peak-amplitude is indicative of an increase in the number of dis-
placed atoms (point defects) in the vicinity of the absorbing atoms,
produced by a primary knock-on atom (PKA) with a given kinetic
energy. During prolonged neutron irradiations the creation of these
primary point defects (in terms of vacancies and interstitials atom)
is extremely high, and they also have a much higher probability of
reacting with themselves. This means, in the case of an interstitial
and a vacancy reaction simply results in annihilation but in the
case of vacancies can result in the production of the di-vacancy
or higher order vacancy complexes. To relax the anisotropy of
the corresponding lattice distortion short range (dis)ordering of
the neighbouring ion vacancies can also occur. These would in turn
result in the decrease in volume for the surroundings of Cu, Ni or
Mn, which contributes to the relaxation of the lattice distortion
derived from the local strain field. Therefore, it is reasonable to
consider that the decrease in the coordination numbers in next-
neighbour shells upon irradiation is caused, at least partly, by sim-
ple point defects and/or their agglomerates associated with each of
the constituent solute atoms in RPV steel. Upon post-irradiation-
annealing at higher temperatures, the vacancy- and interstitial-like
defects that do not recombine may, respectively, preferentially dif-
fuse to voidlike sinks and self-anneal through bond rearrange-
ments with nearest neighbors. A reduced fraction of defects will
thus retain within the bulk. During formation of these defects, cop-
per together with other alloying elements leads to precipitation
of nano-precipitates, and also induces matrix hardening and
embrittlement. This precipitation effect is expected to saturate
due to the progressive reduction of available precipitable elements
in solid solution, copper in particular. Furthermore, other light ele-
ments, like phosphorus or sulphur, can segregate inside the grains
interacting with matrix defects (i.e., vacancies, interstitials, dislo-
cation loops), or migrate to grain boundaries, or may be attracted
to the Cu-type precipitates. Diffusion of segregates also plays a
role.

One can furthermore note from Table 2 that changes in r2, or
equivalently, the mean-square relative displacement of the inter-
atomic distance distribution, is more pronounced in the higher-
shells (third to fifth). Apparent changes upon relaxations observed
in r2 for the first two shells are not significant in the irradiated
samples relative to the REF sample, yielding an average value of
0.0046, 0.0044 and 0.0032 Å2 for the Cu, Ni and Mn atomic neigh-
bours, respectively. In contrast, r2 is increased from 0.0059 to
0.0082 Å

2
in the third shell in high fluence 5:0� 1019 cm�2 sample,

with a significantly lesser change apparent due to post-irradiation
annealing. Similar behaviour can be also observed for the lowest
dose IAR and IARA samples. These trends remain consistent in
the measured r2 data of fourth- and fifth-shells neighbours. In
all cases of the annealed specimens the structures are not well-or-
dered beyond the first two coordination shells. The fact that the lo-
cal bcc structure around Cu and Ni atoms is almost the same in IAR
and IARA specimens suggests that the initial sample structure re-
mains preserved by the modification induced by neutron irradia-
tions and post-irradiation annealing process; the only difference
evidenced by the EXAFS analysis is about the Debye Waller factor
that is lower in the case of IAR than in IARA, indicating in this last
case a more disordered local structure. It appears that additional



Fig. 3. (a) The XAS spectra at the Fe K-edge after background subtraction from a
5:0� 1019 cm�2 sample in the as-irradiated state and after thermal annealing
(735 K for 168 h), I and IA conditions, respectively. The inset shows k3-weighted
EXAFS oscillations. (b) Corresponding radial distribution functions (Phase-shift
corrected) around Fe atoms as Fourier transforms of the k-spectra. In the inset
experimental FT data of these two samples are shown in the overlap mode. See the
text for details.
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defect complexes, mostly small and well separated, are formed
around Cu and Ni atoms in the matrix upon annealing.

While it is difficult to propose a unique structural model
accounting the actual lattice positions of all Cu, Ni and Mn atoms
in Fe, and it is highly probable that in these irradiated steels Cu,
Ni and Mn are present in a number of different local configurations
(e.g., strained and/or distorted lattice positions, ultrafine clusters in
a bcc environment etc.), the following remarks may be relevant in
connections with our results obtained from EXAFS experiments.
The accumulated damage after irradiation in sample I is measured
as about 26% from the point of view of each of the constituent sol-
ute atoms in RPV steel. This amount of radiation damage is ob-
tained from the value of a, which was found to decrease greatly
on irradiation, that is from 1.0 to 0.74 (an average value calculated
from the Cu, Ni and Mn data) in this sample. Thermal annealing at
735 K for a duration of 168 h induces a local ordering and improves
the crystallinity in this sample as manifested by a reduced damage
fraction close to 16%. The estimated damage in the lowest dose IAR
and IARA (measured only at the Cu and Ni K-edges) samples vary
between 10% and 12%. These values of the retained damage are
not directly correlated with the dpa parameter that we have men-
tioned earlier for characterizing the radiation damage level in these
samples. The matrix damage enhancement, while possibly indicat-
ing more defects than expected, may also indicate significantly
more defect-induced lattice strain and distortions. Therefore, it is
important to mention that the matrix damage reported here
should be interpreted as a collection of surviving point defect clus-
ters resulting from vacancies and self-interstitial atoms, loops and
nanovoids, as evolved with temperature and time, and interacting
with solute atoms and elements of the microstructure to promote
formation and growth of the mentioned nanoscale features [4,26].

3.2. Atomic environment around Fe

In the following we present the Fe K-edge EXAFS results ob-
tained for the high fluence I and IA specimens. The results are
shown in Fig. 3. The upper panel in the figure reports Fe K-edge
XAS spectra. The lower panel plots FT data and the best-fitted
curves. The EXAFS oscillations (inset in Fig 3(a)) and the corre-
sponding FT (inset in Fig 3(b)) of I sample have similarities with
those of IA specimen. Prolonged annealing after the neutron irradi-
ation shows no influence on the Fe first- and second-nearest neigh-
bour shells, although a small change in the higher order shells
(third to fifth) of iron can be observed. Also, the Fe environment,
reflected in both oscillation and FT data from the REF sample
(not shown here), is very similar to the results presented in
Fig. 3. Results of the first coordination shell fitting parameters ob-
tained for I sample are: an Fe–Fe coordination number of 7.5 ± 0.3
at a distance 2.52 ± 0.02 Å, r2 ¼ ð59� 7Þ � 10�4 Å

2
and DE0 =

9.6 eV; whereas the corresponding values for the second shell are
N ¼ 6:6� 0:3, R ¼ 2:89� 0:02 Å, r2 ¼ ð59� 7Þ � 10�4 Å

2
and

DE0 ¼ 9:6 eV. The estimated errors are the standard ones for EX-
AFS. These values are in agreement with the parameters known
in the literature [23] for a bcc unit-cell of an Fe lattice. Describing
the situation for the annealed one (IA specimen), the best fit is ob-
tained with similar values for first two shells. The main structural
difference between the two samples is the Debye Waller factors of
higher order shells. For the third shell we measure r2 ¼ ð77� 6Þ�
10�4 Å

2
in sample I, and in IA r2 ¼ ð69� 5Þ � 10�4 Å

2
. Theoretical

FEFF calculations [22] incorporating an in-plane statistical disorder
in the atomic layers of a bcc (100) structure and accounting multi-
ple scattering contributions to the EXAFS-FT third shell peak indi-
cate the expected larger value of r2 observed for this shell. These
results are not presented here, and will be published separately.
In fact, from the data measured at the Fe K-edge and their analyses,
no essential structural changes in the first two near-neighbour
shells are observed between the REF and irradiated steel specimen.
However, this is not the case for that of the Cu, Ni and Mn neigh-
bours indicative of more specific vacancy type defect environments
in close proximity to these solute atoms. It is noteworthy that XAS
is more sensitive to defect environment close to impurity sites (Cu,
Ni and Mn) in comparison to their bulk (Fe) counterpart. The lack
of the observation of intensity decrease in Fe-EXAFS signal could
partly originate also from a different vacancies to the number of
atoms ratio in alloying elements with respect to pure iron. Never-
theless, following few remarks may be relevant in connection with
the results obtained here. In recent years, several studies of defect
evolution in irradiated Fe and Fe–Cu alloys from atomistic simula-
tions have been undertaken describing the role of intracascade
point defects clustering including correlated recombination
[27,28], defect transport properties [29], and binding as well as sta-
bility of vacancy-solute clusters [30]. Representative experimental
study [31] of Fe irradiated at 310 K by neutrons showed consistent
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results in that almost all the microstructures resolved by the TEM
technique were interstitial type dislocation loops, and no vacancy-
type defect was observed. Vacancies introduced by cascades in the
Fe lattice form clusters by primarily agglomerating in small re-
gions, but such formed clusters are not stable at temperatures that
is close to the RPV operation temperature of 563 K. Specific com-
puter simulations of the cascade and defect microstructure evolu-
tion have predicted results also in the same direction: the size and
fraction of self-interstitial atoms clusters are larger in Cu than in Fe
[32]. The vacancies on the other hand, are in Cu mostly in the form
of clusters, while they do not cluster in Fe [33].

4. Conclusions

In this work, structural characterization of a reactor pressure
vessel (RPV) IAEA reference steel samples irradiated with neutrons
has been performed through EXAFS spectroscopy studies. The EX-
AFS technique is sensitive to the atomic environment only few
atoms away from the probe and provides measures of the short
range order (�1 nm) of the system. Selected RPV steel specimens
bombarded with neutrons at nuclear power plants with in-service
reactor operating conditions, and in the fluence range of
0:85—5:0� 1019 cm�2 have been identified for the investigations.
Thermal annealing was also conducted on a few selected speci-
mens to study the thermal stability of defects developed by neu-
tron irradiation. EXAFS spectra performed at the K-edge of Cu, Ni
and Mn show that these atoms reside in a closed-packed arrange-
ment similar to that of bcc Fe. A quantitative analysis has been
done by analyzing the Fourier-transformed EXAFS data, and adopt-
ing a best-fit simulation procedure in order to determine the near-
neighbour atomic environment around these absorber atoms. The
main difference in the local structural parameters due to irradia-
tions is a systematic change in the coordination numbers in near-
est-neighbour atomic shells, and an increase in the Debye Waller
(DW) factor upon irradiation and post-irradiation annealing. Such
changes in the coordination numbers are however not apparent
in the EXAFS data measured at the Fe K-edge; here only a slight in-
crease in the DW factor is observed from the data analysis. The re-
sults are attributed to the involvement of point defects and their
equilibrium population in the vicinity of these absorber elements.
These results trigger further experimental work as well as theoret-
ical model calculations for the atomic-scale description of lattice
damage to clarify their possible influence on technological applica-
tions of neutron irradiation into RPV material.
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