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SANS study of structural changes in irradiated FeCu dilute alloys

M.-H. MATHON, E MAURY, F. DUNSTETTER, N. LORENZELLI, C.-H. DE NOVION and
F. BOUE’

Laboratoire des Solides Irradiés, CEA/CEREM, Ecole Polytechnique, 91128 Palaiseau cedex, France
* Laboratoire Léon Brillouin, CE Saclay, 91191 Gif sur Yvette cedex, France

Abstract: Copper-rich precipitates formed in iron based dilute alloys by irradiation or thermal ageing, have
been investigated using small angle neutron scattering (SANS). In particular, FeCul.5% has been studied after
either 2.5 MeV electron irradiations at 300°C or thermal ageing at 500°C. Size distribution, composition and
pumber density of the clusters were deduced from SANS data. In addition, microhardness measurements allowed to
correlate precipitates configuration with alloys hardening. The precipitation mechanism looks the same for both
kinds of ageing, but irradiation induces an additional contribution to hardening. A linear correlation between duration
of thermal ageing and irradiation fluence can be established.

INTRODUCTION

It is well known that copper-rich clusters play a significant role in the embrittlement process of reactor
pressure vessel steels /1-3/. As a matter of fact, copper precipitates which are created during neutron
irradiation at 290°C induce hardening and embrittlement by pinning the dislocations.

With the aim of understanding the copper precipitation mechanisms under irradiation, we have
studied this phenomenon in binary dilute FeCu mode! alloys irradiated with 2.5 MeV electrons in the 175-
360°C temperature range. Electron irradiation has been chosen for its efficiency since most of the created
point defects participate in long range atomic motion, producing an acceleration of the copper precipitation.
In order to compare the precipitation mechanisms, the same alloys were thermally aged at 500°C.

Precipitation under irradiation was monitored by resistivity measurements /4/ and was characterized
by small angle neutron scattering experiments (SANS). Finally, microhardness measurements gave
complementary information about the hardening of the alloys.

EXPERIMENTAL

-Materials:

The studied materials are binary alloys containing from 0.1 to 1.5% Cu, in an «-Fe-matrix. After
being cold-rolled, the samples are quenched after a 24h annealing in the b.c.c. solid solution phase (820°C)
in order to get low dislocation density and a good homogeneity.

-Irradiation:

The samples were irradiated with 2.5 MeV electrons under helium atmosphere at fluences up to
5C/cm2. The samples were heated with the electron beam up to temperatures in the range of 170 to 360°C.
The kinetics of precipitation under irradiation has been monitored "in situ " by measuring the electrical
resistivity at 30°C at regular dose intervals. Assuming the precipitates do not contribute to the resistivity, the
decrease of this parameter can be related to copper depletion of the matrix /4/.

-SANS experiments:

SANS experiments were performed at the Laboratoire Léon Brillouin (CEA-CNRS), CE Saclay, on
the PAXY spectrometer, at room temperature under saturating magnetic field H (1.4 T) with neutrons of
0.6 nm wavelength. The two-dimensional position sensitive detector was placed at 3.28 m from the

sample, covering a scattering vector range up to 1.2 nm-1
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SANS INTERPRETATION

SANS intensity is composed of a nuclear and a magnetic contribution which depend respectively on
the difference of composition and of magnetization between the precipitates and the matrix. In terms of
cross section, SANS intensity can be written as;

(9%40)(@- @)= F(1= F)[(AN) s+ (AN)’ mesin® a]F (g, h(R), (g, R))
where q is the scattering vector, o. the angle between the scattering vector and the magnetization of the

sample, f the precipitated atomic fraction, (An)i2 the contrasts, and F(q,h(R),S(q,R)) the specific
structure factor of the scattering particles, depending on the size distribution h(R) and the form factor
S(q.R).

Assuming that precipitates are non-ferromagnetic and that precipitate and matrix densities are
approximately the same, the nuclear (nucl) and magnetic (mag) contrasts become proportional to the

average scattering length (5 ) variation between the precipitates (p) and the matrix (m):
2 = m \2 2 =m \2
(An)wl i (bnicl _bnucl) and (An)mg o (_bmag)
Here, by, = (1% /2)ip,, where ¥ =—1.913 is the gyromagnetic factor of the neutron, r, =0.2818-10™*m

is the classical electron radius and /i, is the magnetic moment of iron.
The scattering intensities, measured in directions parallel and perpendicular to the sample's magnetization,
allow the determination of clusters composition. In fact, the A ratio defined as:
—m 2 /(T —m 2
A=(32/9Q), /(92/3Q),, ~1+b2, /(B — b))
depends only on the precipitates composition. In this expression, we neglect a less than 0.2% magnetic
contribution to the experimental parallel cross section.

The precipitated fraction f can be easily determined if the composition and the structure factor of the
clusters are known. The structure factor depends on a form factor S(q,R) and on the size distribution of the
particles h(R). The precipitates are assumed to be spherical with radius R, and without spatial correlations.
Such assumptions lead to the well-known form factor:

2
S(¢.R)= [3 (singR — gRcosgR)/ (qR)a]
Concerning h(R), several (empirical) distributions have been tested and the best fit to the experimental data
was obtained with a gaussian distribution. On the other hand, the Lifshitz-Slyozov-Wagner theory (LSW)
based on thermodynamical nucleation-growth-coarsening models gives two distributions depending on the
growth kinetics model considered /5-7/. These distributions, depending on only one fitting parameter

p= % , where R is the mean radius of the clusters, are given respectively by :

k(p) > P’[3/(3+p)] " [1.5/(1:5-p)] * expl-p/(1.5-p)] LSW1)
if the growth kinetics is diffusion controlled, and by :
h(p) < p[2/(2 - p)] exp[-3p/(2~ )] (LSW2)

if the growth kinetics is interface-reaction controlled.

The LSW1 distribution is asymmetrical (Fig 1) and
fits the data only at low fluences or ageing times. At
the opposite, the LSW2 distribution, which is
quasi-symmetrical, leads to very good agreement
with experimental data at high ageing. In other
words, the precipitates obey to a symmetric
distribution above a given size.

Remark: In the literature, the logarithm normal
distribution is frequently used but its asymmetry is -
at the opposite of that of LSW1 distribution. It has
no physical bases and good fits to the data could not 0 1 2 3 4 5 6

be obtained. . Radius (nm)
Fig 1: Gaussian and LSW's distributions for a

FeCul 5% irradiated 4.7 Clem? at 300°C .

LSWA
LsSw2
------- Gaussian

h(R) (arbitrary units)




RESULTS AND DISCUSSION
1) FeCul.5% irradiated at 300°C:
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The resistivity decreases very fast during the early stages of irradiation up to 0.5 C/cm2
and tends toward an equilibrium value close to the pure-a-iron resistivity (fig 2a). This decrease results
from copper depletion in the matrix and can be interpreted in terms of pure growth of precipitates, followed
by coarsening in the saturation domain. Additionally, SANS studies show that the mean radius of the
clusters increases with the fluence and this increase is faster at lowest fluences (fig 2-¢). The precipitates
number decreases (fig 2-d) but the experimental errors at low fluences prevent a precise determination of
the precipitated atomic fraction; nevertheless, the coarsening seems to start before the resistivity saturation.
This early coarsening is in agreement with previous results of Kampmann and Wagner /8/ on thermally

aged iron-copper alloys.

The A ratio will be discussed later in the fourth paragraph.
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Fig 2: Variations of : (a). electrical resistivity
(uL2em), (b) microhardness (HV), (c) average size
(nm) and (d) number of precipitates, with fluence
for FeCul 5% samples irradiated at 300°C and with
time for FeCul.5% samples thermally aged at
500°C . The SANS data were fitted with a
gaussian model.

The Vickers microhardness was measured as
a function of the fluence (fig 2-b). Our results show
that the microhardness increases until a maximum
around 0.5C/cm2, and then decreases slightly. The
microhardness behaviour can be associated to the
pinning efficiency by the precipitates distribution.
Concerning this point, it is well known /3/ that the
precipitate number and their size play an important
role in the optimization of pinning.

2) EeCul.5% thermally aged at 500°C

The microhardness behaviour obtained after
thermal ageing is similar to that of irradiated
samples. Nevertheless, one of the main differences
between these two types of ageings is the
microhardness maximum value: the microhardness
is higher for the irradiated case (fig 2-b). This point
has been observed by other authors who compared
thermal ageing and neutron irradiation /9/. This
suggests the existence of an additional hardening
mechanism under irradiation, such as the formation
of point defect clusters not detected with SANS,
although no hardening has been induced by 2C/cm?

irradiation in pure o-iron /10/.

3) Irradiation fluence versus thermal
ageing time
For each of the various experimental results
obtained (size and number of the precipitates,
microhardness), the shape of the curves as a
function of ageing parameter (time or fluence) is
similar (fig 2-bcd). Furthermore, we have been able
to establish a linear connection between thermal
ageing time and irradiation fluence, which matches
nearly exactly the characteristics of precipitates
together with the position of the maximum of
hardness. This indicates that, for a given
temperature, the main effect of irradiation is an
acceleration of precipitation (by point defect
creation) with respect to thermal ageing at the same
temperature. This is one of the assumptions of the
theory developed by Smetniansky and Barbu /11/. It
predicts the apparition of coarsening later than the
experimental results.
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4) Evolution of A ratio

The A ratio exhibits the same kind of evolution in both cases of irradiation at 300°C and thermal
ageing at 500°C. In this latter case, we observe first an increase at short ageing times (from A=7 for 2h30
to A=10 for 4h30), then a slow decrease at long ageing times (down to A=7.5 for 312h).

We can expect the origin of this A variation to be distinct at first and late stages. It is difficult to
estimate what could happen at first stages, due to the poor statistics arising from very small particles out of
the SANS range. At late stages, the observed decrease of the A factor can be ascribed to an apparent
decrease of the atomic density of the copper precipitates. The discrepancy between copper and iron atomic
density is too low to explain such an effect and other mechanisms must be accounted for, Two mechanisms
associated to a crystallographic transition of the copper phase, can be proposed: (1) a variation of density at
the interface of the copper clusters and the iron matrix, (2) a variation of the density of the bulk of the
precipitates themself.

The small precipitates are coherent with the bee cell of the iron matrix. At higher cluster size, the
bulk free energy is optimized by a transition to the normal fcc copper structure /12/. Within model (1), the
result is a misfit at the cluster-matrix interfaces; within model (2), we need a very high vacancy density.
This seems doubtfull and we prefer an interpretation in term of interface misfit.

If such a mechanism is confirmed for thermal ageing, we can expect it to remain valid in the
irradiation case.

CONCLUSIONS

The SANS experiments allowed to characterize the copper precipitates as a function of fluence or
ageing time, and to evidence the quasi-symmetrical shape of the clusters size distribution.

The microhardness maximum value corresponds to a configuration where the precipitates are large
and numerous enough to pin strongly the dislocations. At this stage, the precipitates seem to be composed
only of copper.

We have been able to establish a linear correlation between the thermal ageing time and the fluence
of 2.5MeV electrons at 300°C.

The irradiation induces an accelerated copper diffusion but the comparison of microhardness values
between the different types of ageing shows that the hardening is not only the result of copper precipitation.
Probably, point defect clusters also contribute to hardening.

Further developments are in progress with other alloys containing Ni, Mn, Cr... in order to
understand the effect of additional elements on copper precipitation and hardening. Preliminary results
show an important role of Mn on the kinetics of Cu precipitation /13/.
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