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Abstract

Neutron irradiated reactor pressure vessel steels of two different Cu contents exposed to isochronal post-irradiation
annealing treatments at stepwise increasing levels of temperature have been investigated. Results of small-angle neutron
scattering experiments are reported and compared with the respective unirradiated and as-irradiated conditions. Volume
distributions of scatterers and ratios of total-to-nuclear scattering intensities (A4-ratio) were calculated from the measured
differential macroscopic scattering cross-sections. Finally, total volume fractions of scatterers, peak radii of the volume
distribution and partial information on the composition of scatterers were extracted and discussed as a function of Cu level
and annealing temperature. Our measurements indicate that irradiation-induced clusters dissolve completely for the lower
Cu level of 0.15 wt% but dissolve only partly prior to the onset of coarsening for the higher Cu level of 0.29 wt%. An
Arrhenius type behaviour and a remarkable reversibility of the irradiation-induced cluster distribution are observed in

the complete dissolution regime.
© 2006 Elsevier B.V. All rights reserved.

1. Introduction

Neutron irradiation induces an increase of the
brittle-to-ductile transition temperature of reactor
pressure vessel (RPV) steels. It is now generally
accepted that for low levels of phosphorus this
increase is essentially caused by the formation and
evolution of nm-sized copper enriched solute clusters
[1] and/or (depending on composition) additional
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features specified as matrix damage [2] or vacancy
solute complexes [3]. It is also known that these
clusters tend to dissolve for low-Cu (less or about
0.1 wt%) RPV steels during a post-irradiation
annealing treatment [4,5] and that the transition
temperature shift is (at least partially) reversed [6].
However, the characteristics of the dissolution pro-
cess are not yet well documented, not to mention
mechanistic understanding. Furthermore, the condi-
tions under which complete dissolution switches into
coarsening observed at higher Cu concentrations
(higher than or about 0.2 wt%) [7-9] are also not
clear.
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Among the experimental methods capable of
detecting and characterizing irradiation-induced
clusters, small-angle neutron scattering (SANS),
first applied in [10], is the only technique allowing
a statistically representative size distribution of
clusters to be calculated [2]. The calculation relies,
however, on a number of assumptions, e.g. about
composition or the resulting magnetic moment of
the clusters [11]. The aim of the present paper is
to contribute to the understanding of cluster disso-
lution by reporting and discussing results of SANS
experiments performed after isochronal post-irradi-
ation annealing treatments (annealing time: 10 h) at
stepwise increasing levels of temperature.

2. Experiments

The chemical composition of the materials inves-
tigated is given in Table 1. The basic compositions
correspond to the specification of ASTM AS533B
cl.1 RPV steel. Materials M1 and M2 provided
within the framework of international research pro-
grams are also known under the designations JRQ
and JPA, respectively. Mechanical properties, prod-
uct specifications and final heat treatment are sum-
marized in [12]. The microstructure of the low-alloy
steels is bainitic-martensitic with a body-centered
cubic iron unit cell. Notched bars of dimensions
10 x 10 x 55 mm® were irradiated in the prototype
VVER-2 reactor at a temperature of 528K
(255 °C) up to three different neutron fluences for
both materials. The irradiation conditions are sum-
marized in Table 2.

From the irradiated specimens M1-13 and M2-12,
slices of about 1 mm thickness were cut in order to
perform isochronal annealing treatments. The
annealing time was 10h for each slice followed
by furnace cooling. The annealing temperatures
applied to the individual slices are given in
Table 3.

SANS measurements were performed at the spec-
trometers V4 of HMI-BENSC Berlin [13] and D11
of ILL Grenoble [14]. In order to separate magnetic
and nuclear scattering contributions, the specimens

Table 2

Irradiation conditions (irradiation temperature: 528 K)

Material Neutron Flux

code fluence/10"® cm 2 density/10"2 cm 257!
(E>0.5MeV) (E>0.5MeV)

MIl-11 10 0.15

MI-12 77 3.0

MI1-13 139 5.4

M2-11 10 0.15

M2-12 80 3.1

M2-13 143 5.5

were placed in a saturation magnetic field of
B=14T perpendicular to the incident neutron
beam. The scattering vectors, Q, covered the range
from 0.2 to 3.0nm '. The absolute calibration
was carried out using a water standard [15]. The vol-
ume distribution of scatterers defined as differential
volume fraction, cg, of scatterers of size between R
and R+ dR was calculated from the magnetic scat-
tering contribution using the indirect transforma-
tion method developed by Glatter [16], which
solves the inverse problem defined by Eq. (1) for

cr(R).

In Eq. (1), (dX/dQ)m,e is the measured magnetic
contribution to the differential macro-scopic scat-
tering cross-section per solid angle, An? is the mag-
netic scattering contrast, V' is the volume of
scatterers and F is the form factor. A two-phase
model of uniformly dispersed spherical scatterers
of vanishing magnetic moment in the homoge-
neous matrix of ferromagnetic bec iron is assumed
here. It should be emphasized that the calculated
total volume fraction of scatterers does not depend
on the shape of the scatterers. Additional informa-
tion on the composition of the scatterers is ob-
tained on the basis of the A-ratio defined as ratio
of total SANS cross-section and the nuclear com-
ponent. Data analysis is described in more detail
in [12].

Table 1

Composition of the materials (analysis) in wt% (balance Fe)

Code C Mn Si Cr Ni Mo \% S P Cu
Ml 0.20 1.42 0.23 0.13 0.80 0.52 0.008 0.005 0.020 0.15
M2 0.18 1.33 0.26 0.16 0.73 0.55 0.006 0.004 0.020 0.29
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the unirradiated condition, the as-irradiated condi-
tion (M1-13), and the irradiated and annealed con-

nuc

o
=

d37dQ /em’st!

Table 3
Microstructural parameters characterizing the irradiation-induced clusters and effect of annealing
Material/condition Annealing temperature, Volume fraction, Peak radius, A-ratio AHVI10?*
T (K) ¢ (%) R, (nm)
MI-I1 As-irradiated 0.21 £+ 0.01 1.04 £0.05 2.1+0.2 58+5
MI1-12 As-irradiated 0.34 +0.01 1.00 + 0.05 24402 83+5
MI-13 As-irradiated 0.50 +0.02 1.04 £0.05 2.6 +0.2 10345
MI1-13-A1 623 0.48 +0.02 1.08 +0.05 24402 11245
MI1-13-A2 648 0.46 +0.02 1.08 +0.05 24+0.2 93+5
MI1-13-A3 673 0.39 +0.02 1.10 +0.05 24402 87+5
MI1-13-A4 698 0.29 +0.02 1.10 £0.05 22402 63+ 5
MI1-13-A5 723 0.06 4+ 0.01 1.06 4+ 0.05 2.0+0.2 24+5
MI-13-A6 748 0.02 +0.01 1.1 £0.1 2.0+0.2 15+5
M2-11 As-irradiated 0.62 +0.03 1.04 £0.05 2.7+0.2 87+5
M2-12 As-irradiated 0.754+0.03 1.16 +0.05 2.5+0.1 113+4
M2-12-Al 623 0.73 £ 0.03 1.08 £0.05 2.5+0.1 94 +7
M2-12-A3 673 0.64 +0.03 1.10 +0.05 2.540.1 75+6
M2-12-A4 698 0.57 £0.02 1.14 £0.05 2.5+0.1 70+ 6
M2-12-A6 748 0.24 +0.02 1.254+0.1 4.0+0.2 27+6
M2-13 As-irradiated 0.83 +£0.04 1.10 £0.05 2.7+0.2 12145
# Unirradiated reference: M1: HV10 = 204 4= 4, M2: HV10 =222 + 3.
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[12]. Scattering curves and volume distributions of g e unirradiated

ditions (M1-13-A3 to M1-13-A6) are presented in
Figs. 1 and 2. The effect of post-irradiation anneal-
ing is apparent in both the measured scattering
curves and the calculated volume distributions.
The scattering curves for the specimens annealed
at 623 K and 648 K (conditions M1-I3-A1 and
M1-13-A2) are located between the as-irradiated
condition (M1-I3) and the annealing at 673 K
(M1-13-A3). They are not included in Fig. 1 for
the sake of clearness. There is no indication for
the calculated volume distributions to consist of
more than one component (i.e. to be bimodal or
multi-modal) for each of the conditions investigated
and for the covered size range. In principle, the
magnetic and nuclear scattering contributions exhi-
bit the same behaviour. Small differences can be
extracted on the basis of the A-ratio (see Table 3).

The magnetic contributions to the scattered
intensity and the calculated volume distribution
for material M2 are plotted in Figs. 3 and 4, respec-
tively. The behaviour of the materials M1 and M2 is
observed to be basically similar.

The microstructural parameters obtained from
the SANS experiments are compiled in Table 3.
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Fig. 1. Nuclear (a) and magnetic (b) scattering cross-section, dX/
dQ, vs. scattering vector, Q, for the unirradiated condition, M1,
the as-irradiated condition, M1-I3, and the annealed conditions,
M1-13-A3 to -A6 of material M1.

The total volume fraction, ¢, of scatterers was calcu-
lated by integrating the volume distribution, cz =
A(R). The radius, R,, is defined as the peak abscissa
of the function, cg=/f(R). Both A-ratio and
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Fig. 2. Volume fraction of scatterers per radius interval, cg, vs.
cluster radius, R, for the unirradiated condition, M1, the as-
irradiated condition, M1-I3, and the annealed conditions M1-13-
Al to -A6.
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Fig. 3. Magnetic scattering cross-section, dX/dQ, vs. scattering
vector, Q, for the unirradiated condition, M2, the as-irradiated
condition, M2-12, and the annealed conditions, M2-12-A1, -A3,
-A4 and -A6 of material M2.
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Fig. 4. Volume fraction of scatterers per radius interval, cg, vs.
cluster radius, R, for the unirradiated condition, M2, the as-
irradiated condition, M2-12, and the annealed conditions M2-12-
Al, -A3, -A4 and -A6.
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measured hardness difference with respect to the
unirradiated condition are also included. The
dependence of the total volume fraction of the as-
irradiated conditions on neutron fluence is plotted
in Fig. 5. The data points for the as-irradiated con-
ditions selected to perform the annealing treatments
are marked as full symbols.
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Fig. 5. Total volume fraction of irradiation-induced clusters, c,
vs. neutron fluence, @, for materials M1 and M2. Irradiation
conditions marked by full symbols were subject to annealing
treatments.
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Fig. 6. Arrhenius plot of the dissolved fraction of irradiation-
induced clusters, (¢; — ¢,)/¢;, as a function of the annealing
temperature, 7, starting from the as-irradiated conditions M1-13
and M2-12.
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From Figs. 1-4 and Table 3 it is observed that
the total volume fraction of irradiation-induced
clusters left after 10-h annealing is a decreasing
function of the annealing temperature, whereas
both peak radius and shape of the volume distribu-
tion are essentially constant. The fractional reduc-
tion of the total volume fraction of irradiation-
induced scatterers, (c¢; — ¢,)/c;, where ¢; and ¢, are
the total volume fractions in the as-irradiated and
annealed condition, respectively, is presented as a
function of the inverse absolute annealing tempera-
ture, 1/T, in Fig. 6. With the exception of the high-
est annealing temperature, the observed dependence
can be described by straight lines, the slopes of
which are (1.22 £ 0.05) eV for material M1-13 and
(1.12 £ 0.11) eV for material M2-12.

4. Discussion

The most striking effect of post-irradiation
annealing documented in Table 3 is the reduction
of the total volume fraction of irradiation-induced
clusters with increasing annealing temperature at
approximately constant peak radius of the volume
distribution (with the exception of the 748 K anneal-
ing of material M2-12, i.e. condition M2-12-A6).
This observation immediately suggests that a certain
number of irradiation-induced clusters essentially
dissolve. Furthermore, the characteristic dissolution
time of a single cluster must be much less than the
annealing time of 10 h. Otherwise, i.e. if the charac-
teristic dissolution time were of the same order of
magnitude as the annealing time (or even longer
than that), the volume distribution would exhibit a
shift to lower radii, which is contradictory to obser-
vation (Figs. 2 and 4). Pareige et al. [4] have drawn a
similar conclusion on the basis of a combined inves-
tigation by means of SANS and atom probe field
ion microscopy (APFIM) of a neutron-irradiated
French RPV steel (0.07 wt% Cu) annealed at 723 K
for 2h, 20 h, and 100 h. These authors estimated
the characteristic dissolution time of a single cluster
to be less than 2 h at 723 K. From the present inves-
tigation it can be concluded that any remainder of
the clusters after ‘dissolution” must be smaller than
the detection limit of SANS, i.e. smaller than
0.5 nm. This conclusion holds analogously for any
of the annealing temperatures applied.

According to Pareige et al. [4] the entire process
of successive dissolution events of clusters at an
annealing temperature of 723 K (450 °C) is not fin-
ished after 20 h of annealing. It is assumed that the

same situation applies to the present annealing
treatments. Therefore, the measured volume distri-
butions represent an intermediate stage (not a final
stage or saturation). Nevertheless, the observed
Arrhenius like behaviour documented in Fig. 6
strongly suggests that:

(1) The process that controls the frequency of
successive dissolution events is a thermally
activated process.

(2) The dissolution is controlled by the same
process over the entire range of annealing
temperatures.

(3) The apparent activation energy, E, given by
the magnitude of the slope of the straight lines
is about 1.2 eV (Fig. 6).

The calculated ranges of the slope overlap for
materials M1 and M2 (Fig. 6). It is therefore rea-
sonable to assume the same process to control the
dissolution rate for both materials.

It is important to note that the slope of the straight
lines can only be interpreted in terms of a physical
activation energy, if the system is in the steady state.
In the present case this requires the dissolution pro-
cess to proceed at a constant rate (independent of time
but depending on temperature) over the 10h of
annealing. This requirement is not fulfilled at the
highest annealing temperature, 7= 748 K (Fig. 0),
because the dissolution process is obviously com-
pleted within a shorter time for material M1 and there
is a cross-over from dissolution to growth for material
M2. Therefore, the data points obtained for this
temperature were excluded from the analysis. For
the other annealing temperatures, a constant dissolu-
tion rate may be a reasonable approximation, but this
was not checked within the present set of experiments.

It is not possible to give a conclusive interpreta-
tion of the mechanism of the dissolution process
on the basis of the present measurements alone. Nev-
ertheless, it is worth noticing that a similar value of
about 1.2 eV was obtained for the binding energy
of a vacancy to a Cu-vacancy cluster in iron by
means of molecular dynamics calculations [17]. This
binding energy turned out to be a slowly varying
function of the particular number of vacancies and
Cu atoms in the cluster in the range of some 10 Cu
atoms and some 10 vacancies, i.e. in the size range
of interest here. Another estimation (about 1.3 eV)
relevant in the present context was obtained from
an Arrhenius plot of the growth rate of interstitial
loops in electron-irradiated standard-purity iron
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[18]. This value was interpreted in terms of vacancy
migration under the condition of deep trapping of
vacancies by interstitial carbon. For a detailed dis-
cussion and a comparison with other estimates we
refer to the literature [18].

The A-ratio can be calculated from the following
equation:

2
( Z nibzlmag _nFebFe.mag>
iecluster

An? 1= =+ 1
" ( Z nibi,nuc _nFebFe,nuc>

iecluster

A,

2)
nEe 1s the number density of iron atoms in the iron
lattice, n; is the number density of atoms of type i
in the cluster, b is the scattering length and the
subscripts ‘nuc’ and ‘mag’ refer to the nuclear and
magnetic contribution, respectively. For a cluster
consisting of Cu atoms and/or vacancies on Fe lat-
tice sites, the 4-ratio can be expressed as follows:

6.0 2
4= (7.7\) - 9.5) +1, (3)

v = neo/nEe s the fraction of Cu atoms in the cluster
(pure vacancy cluster: v=20, pure bcc Cu: v=1).
The A-ratio of pure vacancy clusters and pure bcc
Cu clusters in an iron matrix assumes values of
about 1.4 and 12, respectively. Average A-ratios of
1.7 and 5 have been observed for irradiation-
induced clusters in Fe-based model alloys with
0.015 wt% Cu and 0.42 wt% Cu, respectively [19].
The corresponding average Cu fractions in idealized
model Cu-vacancy complexes are 30 at.% and 84
at.% according to Eq. (3). The dependence on
annealing temperature of the average A-ratio mea-
sured in this work, if any (with the exception of con-
dition M2-12-A6 to be discussed later), has to be
rated as comparatively weak. A small increase of
the average A-ratio with neutron fluence (from 2.1
to 2.6, Table 3) and a reversion of this increase
due to annealing (from 2.6 to 2.0) is observed for
material M1. The observed A-ratio for material
M2 (with the mentioned exception) is essentially
constant, 4 = 2.5, and corresponds to a Cu fraction
in Cu-vacancy complexes of 60 at.%.

The above observations, i.e. (1) a monomodal
volume distribution of irradiation-induced clusters
for each irradiation or annealing condition, (2) the
general Arrhenius like behaviour, and (3) the low
variability of the A-ratio, suggest a single type of

clusters present after neutron irradiation and post-
irradiation annealing with a more or less uniform
composition. This is in some contrast with the view
inspired e.g. by Fig. 5, according to which two
populations of irradiation-induced clusters seem to
form: One related to the fast saturating increase of
volume fraction, the other one related to the contin-
uous linear increase afterwards.

The annealing condition M2-12-A6 (i.e. the high-
est annealing temperature applied, 748 K) exhibits
the only significant deviation from the behaviour
discussed so far in a number of items:

(1) The peak radius, R, of the volume distribu-
tion is slightly shifted to higher values. This
shift is even more pronounced, if the large-
radius tail of the size distribution in Fig. 4 is
considered.

(2) The measured A-ratio assumes a significantly
higher value of 4.0 as compared to a value
of 2.5 observed at lower annealing tempera-
tures (Table 3). The corresponding average
Cu fractions in idealized model Cu-vacancy
complexes are 78 at.% and 60 at.%, respec-
tively, according to Eq. (3).

(3) The 748 K data point in Fig. 6 deviates from
the general Arrhenius behaviour.

The conclusion is that, unlike the behaviour dis-
cussed so far, coarsening of Cu-rich precipitates
takes place for material M2-12 at an annealing tem-
perature of 748 K. It cannot be decided, whether
this coarsening starts from remaining Cu clusters
below the detection limit of SANS (i.e. radius smal-
ler than 0.5 nm) or from solute Cu after complete
dissolution of the irradiation-induced clusters, but
the first option seems to be more reasonable [4].
Coarsening is commonly observed in Fe alloys with
higher Cu contents (higher than or about 0.2 wt%)
[7-9]. For material M2-12 (0.29 wt% Cu) the lowest
annealing temperature resulting in significant coars-
ening is between 698 K and 748 K. For material
MI1-13 (0.15 wt% Cu) there is no indication of coars-
ening up to 748 K. At an annealing temperature of
748 K, the irradiation-induced clusters for material
M 1-13 are almost completely dissolved (remainder:
about 2 vol.% plus defects below the detection limit
of SANS). In contrast, at least one coarse Cu-rich
cluster was reconstructed by means of tomographic
APFIM for the French RPV steel (0.07 wt% Cu)
annealed at a lower temperature of 723 K for
100 h [4], but the concentration of such clusters
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was estimated to be extremely low (less than 1 vol.%
of the concentration in the as-irradiated condition)
[4].

It can be summarized that:

e There is a critical Cu content for the present type
of alloy. Irradiation-induced clusters dissolve
completely for Cu levels lower than the critical
one before any coarsening occurs. For higher
Cu levels partial dissolution may occur but coars-
ening is initiated before dissolution is completed.
The critical Cu content (higher than 0.15 wt% but
less than 0.29 wt% under the present conditions)
is expected to depend slightly on the annealing
time applied.

e For Cu levels higher than the critical one, two
temperature regimes have to be distinguished.
At lower temperatures, only (partial) dissolution
but no coarsening occurs. At higher tempera-
tures, there is a competition of dissolution and
coarsening. The borderline temperature depends
on the Cu level and is affected both by applied
annealing time and resolution of the method.
Under the present conditions, the borderline tem-
perature is between 698 K and 748 K for a Cu
level of 0.29 wt%.

There is a remarkable reversibility in the com-
plete-dissolution regime as observed for material
M1. This behaviour can be characterized as follows:
Starting from the as-irradiated condition, M1-13:

e Annealing at 623 K or below leaves the proper-
ties (including hardness) of the as-irradiated con-
dition M1-I3 approximately unchanged (Table
3).

e Annealing at 748 K approximately reproduces
the unirradiated condition M1.

¢ Annealing at intermediate temperatures results in
property changes along the same path in prop-
erty space (‘property’ = volume fraction, A-ratio,
hardness) as during annealing but in the reverse
direction (Table 3).

In this sense there seems to exist an equivalence
relation between neutron fluence and annealing
temperature to be specified in ongoing work. In
other words, clusters formed first (at the lowest flu-
ence) require the highest temperature to dissolve
and vice versa. It is therefore reasonable to assume
similar mechanisms for cluster formation and disso-
lution operating in the reverse direction.

5. Conclusion

(1) Depending on the Cu level of the RPV steel
investigated, either ‘complete’ (as seen by
SANS) dissolution of the irradiation-induced
clusters or onset of coarsening after incom-
plete dissolution is observed.

(2) The same thermally activated process controls
the rate of successive dissolution events for the
materials and conditions investigated. The
duration of a single dissolution event is much
smaller than the applied annealing time of
10 h.

(3) There is a remarkable reversibility of the irra-
diation-induced property changes (including
volume fraction, composition of clusters and
hardness) during annealing in the complete-
dissolution regime.
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