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Abstract

To predict the behavior of structural metallic materials into the CANDU nuclear reactor, the oxide films on the surface
were growth in a controlled manner using an autoclave simulating the environment specific to the nuclear reactor. In order
to establish the structural changes of the oxide films, the X-ray diffraction (XRD), scanning electron microscopy (SEM),
energy dispersive X-ray spectrometry (EDX) and extended X-ray absorption fine structure spectroscopy (EXAFS) analysis
were used. Analysis performed showed differences in morphology of the oxide films from carbon steel samples exposed
under different conditions corresponding to primary and secondary circuits in CANDU nuclear reactor. The oxide phases
were identified and the thicknesses of the films were calculated. The agreement between results obtained by these methods
was discussed according to the microstructure of the samples.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

In nuclear reactors different types of metals and
alloys are used as structural materials. In such envi-
ronmental conditions these materials exposed to
water results in corrosion. The prediction of corro-
sion behavior of the structural materials is very
important from nuclear security and economical
point of view. Carbon steel is widely used as pipe,
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mantle material and for the components of heat
exchangers.

The evaluation and in depth understanding of
nuclear materials behavior in an operating environ-
ment require utilization of surface analysis methods
(XRD, SEM, EDX, EXAFS) and correlation of
surface state of materials with their properties
(mechanical, structural, corrosion resistance, etc.).

The characterization of the nuclear materials
and of the material–environment interaction pro-
cesses under operational conditions is related to the
analysis of the non-homogeneous structures. Such
complex analytical problem may be studied using
complementary analytical techniques: XRD [1],
.
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Table 1
Parallelepiped samples of carbon steel SA 516 by autoclaved
generalized corrosion test

No. Code Environment Water
(pH, T, P)

Time of
exposure
(d)

1 S1 Secondary
circuit

pH = 9.7 80
2 S2 T = 533 K 180

P = 5.1 MPa

3 S3 Primary
circuit

pH = 10.5 64
4 S4 T = 583 K 130

P = 10 MPa

5 Reference – – –
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SEM and EDX [2], EXAFS [3], and specific data pro-
cessing methods.

XRD methods can yield microstructure informa-
tion: qualitative and quantitative phase analysis;
determination of grain alignment (texture) in poly-
crystalline materials; determination of microstruc-
tural properties (i.e., mean crystallites diameter,
mean square microstrain, size distribution, etc.);
determination of the thickness of oxide films, in
some cases; determination of crystallographic
phases from oxide films by low angle incidence dif-
fraction, etc. By XRD the minimum thickness of
oxide films on carbon steel that can be investigated
is tens of nanometers and the maximum thickness of
some micrometers.

SEM and EDX are adequate techniques for
determining grain morphology and elemental com-
position (qualitative and quantitative). EDX can
yield information about elemental composition
from some micrometers depth.

The study of extended X-ray absorption fine
structure can yield structural information about
the local environment around a specific atomic
constituent in the investigated materials.

The complementarities of XRD and EDX are
given by phase analysis. Mean crystallites diameter
determined by XRD can be correlated with grain
size determined by SEM analyses. The single phase
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Fig. 1. The XRD pattern for S1 and S2 sa
composition of oxide films on carbon steel (Fe3O4)
determined by XRD can be correlated with modifi-
cation of coordination number for iron determined
by EXAFS measurements.

The characterization of the thin films developed
in the operating conditions in CANDU systems on
carbon steel was investigated.

2. Experimental

The composition (in wt%) of the studied carbon
steel was: Fe–98.66, Mn–1.00, Al–0.06, Ni–0.018,
Cr–0.01, C–0.19, Si–0.037, P–0.021, S–0.004.
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Fig. 2. The XRD pattern for S3 and S4 samples (primary circuit conditions).
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Fig. 3. Low angle incidence XRD pattern for sample S1.
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Fig. 4. Low angle incidence XRD pattern for sample S2.
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Fig. 5. Low angle incidence XRD pattern for sample S3.
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Fig. 6. Low angle incidence XRD pattern for sample S4.
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2.1. Test conditions

The generalized corrosion tests were performed
in solutions, which simulate the environment spe-
cific to the primary and, secondary circuits of
CANDU nuclear reactor [4,5].

For primary environment circuit demineralized
water (H2O) solutions with pH 10.5, regulated
with LiOH, was used. The tests were performed
at a temperature of 583 K and a pressure of
10 MPa.

For secondary environment circuit, demineral-
ized water solutions with volatile amine and hydra-
zine for regulating pH at 9.7 were used. The test
conditions were: temperature 533 K and pressure
5.1 MPa. The tests were performed in PROLABO
static autoclaves. The solutions conductivity used
in chemical and electrochemical tests as well as the
pH was measured with a CONSORT C835 multi-
parametric tester.

Before autoclaving the samples were prepared by
mechanical and electrochemical polishing, cleaning
in organic solvents and drying at 373 K for 5 min.
The area of surface and the mass of the samples
were quantified.

Table 1 presents the samples analyzed, codes of
samples, time of exposure and water parameters
(pH, T, P).

2.2. XRD measurements

The X-ray diffraction data of carbon steel SA 516
oxide films and etalon sample of carbon steel SA
516 were collected at room temperature. Data
acquisitions were made with a DRON UM1 diffrac-
tometer connected with PC. A horizontal powder
goniometer in Bragg–Brentano focusing geometry
with graphite monochromator was used. The
incident Cu-Ka line, k = 1.54178 Å, at 35 kV and
30 mA was used. The typical experimental condi-
tions were: 3 s for each step, range angle 2h = 20–
150�, with a step of 0.05�. The patterns obtained
in these conditions were used to make qualitative
phase analysis [6]. The range angle 2h = 32–46�
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Fig. 7. The XRD pattern for reference and S1 at two different sample positions.
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containing the 100% intensity peaks of Fe3O4

(2h = 35.47�), Fe2O3–hematite (2h = 33.19�), and
Fe-a (2h = 44.71�) were measured with a better
statistics, 10 s for each step with a step of 0.02�. In
the same angular range the low angle incidence
diffraction in order to determine the phase’s pres-
ence in the surface films, from 2.0� to 4.5� incidence
angle was performed.

2.2.1. EXAFS measurements

The transmission EXAFS measurements were
carried out of the 4W1B beam lines in the Beijing
Synchrotron Radiations Facilities (BSRF), which
was operating at room temperature [7].

The 4W1B beam line is an unfocused monochro-
matic X-ray beam with 4 mrad of horizontal accep-
tance. The X-rays are monochromatised by a fixed
Table 2
Microstructural parameters of oxide films calculated from X-ray diffra

Sample Thickness
by XRD (lm)

Thickness by
gravimetry (lm)

M
s

S1 0.58 0.68 1
S2 1.36 1.39 P

b
S3 1.16 1.21 7
S4 1.37 1.45 P

b

exit Si double crystal monochromator. The features
of the 4W1B beam line are: an energy range of 3.5–
22 keV; an energy resolution of DE = 1–3 eV at
E = 10 keV and a Bragg angle range of 5–70�. Crys-
tals Si(11 1), Si(220) and Si(31 1) can be alternatively
used as monochromator. A Fe2O3 and Fe3O4 pure
powders, and, a Fe-a foil were used as standard
samples. The absorption coefficients of the standard
samples edge were determined using a Si(1 11) dou-
ble-crystal monochromator. The X-ray intensities
of the incident and transmitted beams were recorded
using ionization chambers. Harmonics were rejected
by detuning of the monochromator. The whole
experimental system was controlled by personal
computer PS/2 for automatic data acquisition. Spe-
cial care was taken in the sample preparation, espe-
cially with regard to the thickness and homogeneity
ction patterns

ean crystallites
ize (nm)

Mean square
microstrain (%)

46 ± 45 0.103 ± 0.015
eak broadening contributed
y crystallite size is negligible

0.174 ± 0.080

5 ± 29 0.195 ± 0.090
eak broadening contributed
y crystallite size is negligible

0.177 ± 0.056
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Fig. 8. The experimental and calculated EXAFS signals of the
first shell for S2 (a), S3 (b) and S4 (c).
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of samples, to obtain absorption spectra of good
quality. For autoclaved samples we worked in the
fluorescence setup arrangement. We used an energy
range from 7000 to 8000 eV for the measurement of
the absorption coefficients.

The EXAFS analyses of the absorption coeffi-
cient were processed using the computer code
CDXAS [8].

2.3. SEM and EDX measurements

Scanning electron microscopy measurements
were performed with an electronic microscope
JEOL-JSM 5600 LV. The surfaces of the samples
were analyzed by image acquisition and by energy
dispersive X-ray spectrometry (EDX).

3. Results and discussion

3.1. XRD results

Figs. 1 and 2 show the XRD pattern for investi-
gated samples. The phase analysis reveals only two
crystallographic phases in these samples: Fe-a
(cI2/1, bcc) and Fe3O4 (magnetite, cub. cF56/2).

Low angle incidence diffraction analysis was
applied for finding the distribution of these phases
in the oxide films. The incident angle varied between
2.0� and 4.5�. These patterns were acquisitioned
with a good statistics for the possible Fe2O3–hema-
tite (33.19�) identification in the oxide films. The
Fe2O3–hematite (33.19�) will not appear even in
secondary or primary circuits. In Figs. 3–6 we show
the low angle incidence diffraction patterns for
sample S1, S2, S3 and S4, respectively. From the
analysis of these patterns, we observe that the
Fe3O4–magnetite is the only phase in the thin films
on the surface. The different incidence limit angle
at which the Fe-a phase appears is due to the differ-
ent thickness of the films.

In Fig. 7 are shown the diffraction patterns of
reference sample and S1 acquisitioned in the angu-
lar range 2h = 25–150� at two sample positions.
The second position was obtained by sample rotate
with 90� around normal at sample surface. These
patterns are identical which means that the oxide
films are not textured.

Thickness of oxide films was evaluated by X-ray
diffraction patterns as follows:

(a) From the diffraction pattern of reference sam-
ple (Fig. 7) were calculated integral intensity
of (10 1) Fe-a line (Iref). The penetration depth
d of radiation in standard sample was calcu-
lated using the relation given in Ref. [1], p.
369:

t P
3:2

l
q
q0

sin h: ð1Þ



Table 3
Coordination number and first shell radius obtained by EXAFS
measurements

Sample N (number of
atoms)

R Shell radius
(nm)

Fe-a reference 8.00 0.248
S2 5.12 0.249
S3 4.97 0.249
S4 5.36 0.250
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From the relation

dref ¼
3:2

lCuðFeaÞ sin h: ð2Þ

the penetration depth of the Cu Ka line in Fe-a
obtained is calculated to be dref ffi 4.77 lm.
Fig. 9. The SEM ima
(b) From the diffraction patterns of S1–S4 sam-
ples (Figs. 1 and 2) were calculated integral
intensities of (101) Fe-a line (IFea) and (113)
Fe3O4 line ðIFe3O4

Þ.
(c) The thickness of Fe-a (dFea) from S1–S4 that

contribute at diffraction pattern of Fe-a is cal-
culated by relation

dref

dFea
¼ I ref

IFea
: ð3Þ

(d) The Fe3O4 film thickness of S1–S4 samples
that contribute at diffraction pattern of
Fe3O4 is calculated by relation

dFe3O4

dFea
¼ IFe3O4

IFea

lCuðFe3O4Þ
lCuðFeaÞ

sin hð1 1 3Þ

sin hð1 0 1Þ
: ð4Þ
ge of sample S2.



Fig. 10. The SEM image of sample S4.
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Numerical results obtained by this model are
presented in Table 2 and compared with the values
of thickness determined by gravimetric analyzes.

Mean crystallites size hDi and mean square
microstrain e0 ¼

ffiffiffiffiffiffiffiffi
he2i

p
for Fe3O4 phase of S1–S4

samples were calculated from the singlet physical
line diffraction width of (113) and (226). The line
width Dq ðq ¼ 4p

k sin h module of the diffraction
vector) depends by the Dh by relation: Dq ¼ 1

k �
p2

90
� cos h � Dh. Considering that integral width of

grain profile in q space (bL) is described by a first
order Lorentz function (n = 1) and integral width
of strain profile in q space (bG) is described by a Gauss
function. From hypothesis of spherical grains (con-
firmed by texture absence) mean crystallites diameter
is calculated with relation: hDi ¼ 8

3
� p

bL
and mean
square microstrain is calculated with relation: e0 ¼
ð2pÞ�3=2 � dð1Þhkl � b

ð1Þ
G where dð1Þhkl is interplanar distance

for first reflection order. The quantities bG and bL

are determined from the equations system:

B1 ¼
2

3
� bL þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
bL

3

� �2

þ b2
G

s
ð5Þ

B2 ¼
2

3
� bL þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
bL

3

� �2

þ 4b2
G

s
ð6Þ

where B1 and B2 are integral width of physical
singlet for first and second reflection order,
respectively.

The numerical results obtained by this model are
presented in Table 2.
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3.2. EXAFS results

Fig. 8 shows the fitting experimental results of
EXAFS pattern of S2, S3 and S4 samples, for
the first coordination shell with the calculated
values. The extraction of the EXAFS signal is
based on the edge energy E0 determination,
followed by background removal by pre-edge
and after-edge baseline fitting with different possi-
ble modeling functions. Based on [9], (n = 1, a
Kaiser window), the Fourier transforms of the
radial structure function for the first shell are
obtained. Coordination numbers and first shell
radius obtained for S2, S3 and S4 samples are
presented in Table 3.

The values of the first coordination shell radius
are similar for all samples. The lower values of coor-
dination numbers are due to the presence of Fe3O4.

3.3. SEM and EDX results

In Figs. 9 and 10 are presented the surface images
of samples S2 and S4. The quantitative analysis of
the EDX pattern for surface of S2 sample confirm
Fe = 68.99 wt% and O = 31.01 wt%. By image anal-
yses the grain size of Fe3O4 were observed to be
greater and much homogeneous in primary circuits
(mean size is greater than 1 lm) than in secondary
circuits.

4. Conclusions

A study of corrosion oxide films grown on the
surface of carbon steel in environmental conditions
specific to primary and secondary circuits in
CANDU nuclear reactor has been conducted. The
aim of this study was to produce data on the micro-
structure of surface films.
• From low angle incidence X-ray diffraction mea-
surements, we found that our oxide films have
only Fe3O4–magnetite phase.

• Weight concentration of iron from Fe3O4 oxide
film determined by XRD (72%) is in good agree-
ment with weight concentration determined by
EDX (69%).

• The thickness of oxide films calculated by XRD
are in good agreement with gravimetric analysis
results.

• The mean crystallite sizes, for a given time of
exposure, calculated from the XRD spectra are
in good agreement with the grain sizes deter-
mined by SEM.

• Decrease in of coordination numbers of Fe calcu-
lated by EXAFS is due to Fe3O4–magnetite pres-
ence determined by XRD.
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