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I Contrast variation experiments provide the possibility to get information about the
I chemical composition of heterogeneities seen in the^,small angle scattering
/ experiment Phases in complex materials can become visibla-arJavisIble bv changing
I the contrastThe Bathia-Thornton [1] equation makes it possible to separate different
i scattering "components on an analytical way using different scattering contrast.

Unfortunately for a system with k components k2 - 1 measurements with different
contrast relations are needed. Therefore, tgis is not practicable for complex materials.
Nevertheless for such complex materials as the bainitic reactor pressure vessel
(RPV) steels information about the chemical composition of heterogeneities can also
obtained by contrast variation.

/^yeryjmportant question in this field is the determination of the type of
precipitates which are formed during neutron irradiation. These irradiation-IrTdljced
precipitates are the cause for the neutron embrittlement, which is the'life time limiting
pnjcessTor a nuclear power plantl —~ ~~

The small angle scattering intensity I(Q) can be described by:

Q is the scattering vector, cp the term which describe the content of the
heterogeneities, F is the term of the structure factor and Ar\z the scattering contrast.
The scattering contrast is equal to the square of the difference of the scattering
length densities r\ of heterogenieties and the matrix, rj is given by:

r\ = n • b

n is the number density of atoms, ions or isotopes, respectively, and b their scattering
length. For X-ray instead of the total scattering length the multiplier f, called atomic
form factor, of the Compton scattering length is usually used. Its dependence on the
X-ray energy of it can be calculated for small Q by:

lim [f(Z,E)J = Z + f(Z;E) + f'(Z,E)

Z is the atomic number, and f and f are real and imaginary part of the resonant
scattering contribution. The values o f f and f" are only significantly high near to an X-
ray absorption edge. They can be calculated by the well-known Kramers Kronig [2]
and Cromer-Liberman [3] relations.

Fig. 1 compares the SAXS and SANS intensity of the RPV weld metal of the
Armenia nuclear power plant in the as-irradiated and the unirradiated state measured
at the JUSIFA facility at HASYLAB Hamburg (Germany) and the PAXE facility at LLB
Saclay (France). In contrast to former investigations [4] there is no effect of neutron
irradiation in the SAXS but a strong effect in the SANS intensity. The reason for it are
different contrast relations for X-rays and neutrons. Fig. 2 shows the calculated
scattering contrast of some presumed structures, for magnetic and nuclear neutron
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Fig.1 Comparison between SANS and SAXS of the as-irradiated and unirradiated
state of the weld metal Sv-1 OMFT

scattering and for X-ray scattering at X-ray energies of 5466 and 5536 eV. The
scattering contrasts are related to the scattering contrast of voids. It can be seen that
the copper containing clusters which were identified by atom probe field ion
microscopy (APFIM) fulfill the condition: to be visible for neutrons but quite invisible
for X-rays. The relative scattering contrast is three orders of magnitude lower for X-
rays than for neutrons. In order to get information about the changes in the vanadium
rich precipitates other scattering contributions has to be made invisible. Therefore,
the SAXS curve measured with lower contrast of vanadium rich precipitates is

SAXS E=5466 eV

SAXS E=5536 eV

SANS magnetic

SANS nuclear

1 E-5

VC Cluster (APFIM) grain boundary

Fig. 2 Scattering contrast of VC, Cu-containing clusters and grain boundaries related
to the scattering contrast of voids for the nuclear and magnetic SANS and for
SAXS with X-ray energies of 5466 and 5536 eV



E[eV]
5466

4536

Z+f
F"
Z+f
F"

Si
14.35
0.68

14.35
0.66

V
14.25
4.00
19.00
3.90

Cr
21.75
0.54

21.73
0.54

Mn
23.32
0.64

23.26
0.62

Fe
24.63
0.75

24.60
0.73

Mo
41.94
5.27

41.95
5.18

Tab. 1 Real and imaginary part of atomic form factor for the most important elements
at X-ray energies of 5464 and 5536 eV

subtracted from a curve with a higher one. Tab. 1 gives the real and imaginary parts
of the atomic form factor of the most important elements contained in the steel at two
energies close to the vanadium absorption edge. Fig. 3 compares the difference of
the SAXS intensities of both energies for the irradiated and the unirradiated state with
with the SANS of the weld metal. It can be seen that the SANS intensity of the
unirradiated state is mainly caused by vanadium carbides. These vanadium-rich
precipitates are not changed by the neutron irradiation.

showst that with contrast variation experiments information about
chemical composition of precipitates can be obtained. Severalphases in complex
materials can be separated."" " ; " '
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Fig. 3 Comparison between the SANS intensity and the difference between the
SAXS intensities at X-ray energies of 5466 and 5536 eV of the irradiated and
the unirradiated state of the investigated weld metal
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