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a b s t r a c t

Irradiation-induced damage in reactor pressure vessel steels covers a multitude of different features at
the nanometer size scale. The nature, formation kinetics and relative importance of these features are
not yet well understood in detail. It also turned out that there is no single experimental technique capable
of closing all the remaining gaps. The present approach is based on the idea that significant progress can
be achieved by investigating the same set of neutron-irradiated model alloys of increasing complexity
with several experimental techniques including transmission electron microscopy (TEM), atom probe
tomography (APT), positron annihilation spectroscopy (PAS) and small-angle neutron scattering (SANS).
The aim of the effort is to explore both complementarity and overlaps of the information gained from
individual techniques and to close gaps by introducing proper models. In the present paper the results
obtained by means of SANS are reported, self-consistent interpretation is given and the results are qual-
ified for the discussion in combination with the other experimental techniques to be given in separate
papers.

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

Knowledge of the detailed nature of nanometer-sized irradia-
tion-induced defect-solute clusters in neutron-irradiated Fe-based
alloys and reactor pressure vessel (RPV) steels is of vital impor-
tance for models aimed at linking primary neutron damage to
the long-term degradation of mechanical properties. There exists
an extensive literature about the nature of these features, e.g.
[1–11]. However, the overall picture at the nanoscale including
types, fractions, morphology and composition of clusters as well
as mechanisms of cluster formation is still incomplete. It turned
out that there is no individual experimental technique capable of
explaining all the aspects in a particular material, e.g. [10]. The
results obtained from different techniques even seem to be incon-
sistent in some cases [11,12], which clearly points to the need of a
better understanding.

In order to obtain a more complete picture about the nature of
irradiation-induced clusters it is important

� to combine different state-of-the-art experimental techniques,
such as transmission electron microscopy (TEM), small-angle
neutron scattering (SANS), positron annihilation spectroscopy
(PAS) and atom probe tomography (APT), proven to be sensitive
to certain details of neutron damage;
ll rights reserved.
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� to apply the selected set of experimental techniques to the same
set of Fe-based alloys of increasing complexity (from pure Fe to
RPV steel) and to expose each of the materials involved to the
same set of well-defined irradiation conditions;

� to identify gaps and overlaps among the individual pieces of
information gained from the application of different experimen-
tal techniques and to fill the gaps using appropriate models cal-
ibrated on the basis of experimental results available in the
neighborhood of any gap.

An effort based on the kind of approach outlined above was ini-
tiated at SCK�CEN, where a set of model alloys was characterized
[13,14] and exposed to neutron irradiation at two different dose
rates and up to several doses [13,14]. Furthermore, the mechanical
property changes due to neutron irradiation were examined as a
basis [13–15]. Within the international project REVE [13] and the
European project PERFECT [16] the materials were distributed
among project partners in order to apply different experimental
techniques, to relate the results to each other and to put them into
a modeling framework.

In the present contribution SANS experiments are reported and
the effects of alloy composition and neutron dose on the SANS
results are discussed. It is shown that SANS results comprise rich
information including size, concentration and type of clusters
and are sensitive to both alloy composition and neutron dose.
Furthermore, we observe that SANS results are relevant in the
sense of being strongly correlated with irradiation-induced
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Table 3
Summary of irradiation conditions (Irradiation temperature 300 �C).

Damage
dose (dpa)

Neutron
fluence (n/m2)

Neutron flux (E > 1 MeV)
1.6 � 1016 n/m2 s

(E > 1 MeV)
0.95 � 1018 n/m2 s

0.026 1.7 � 1023 – �
0.032 2.1 � 1023 � –
0.051 3.5 � 1023 – �
0.10 6.9 � 1023 – �
0.19 1.3 � 1024 – �

Table 4
Summary of the material conditions studied by SANS.

Neutron flux (E > 1 MeV): 0.95 � 1018 n/m2s

Material Code 0.026 dpa 0.051 dpa 0.10 dpa 0.19 dpa
Pure Fe A – – – HA42
Fe–0.1%Cu C HC12 HC22 HC32 HC42
Fe–0.3%Cu D HD12 HD22 HD32 HD42
Fe–Mn–Ni E – HE22 HE32 HE42
Fe–Mn–Ni–Cu F – HF22 HF32 HF42
RPV steel G – HG22 HG32 HG42
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mechanical property changes. Both the results of complementary
experimental techniques applied to the same set of alloys [17–
19] and a comprehensive analysis of the combined results will be
given in companion papers.

Flux (dose rate) effects on the microstructure of neutron-irradi-
ated RPV steels and model alloys are an important issue [20–22]. In
the work reported here, a relatively high specific value of flux was
applied intentionally and flux effects are not considered. However,
the materials were also irradiated at a lower level of flux and the
findings related to flux effects will be reported in separate papers.

2. Experiments

2.1. Materials and irradiation

Neutron-irradiated materials investigated by means of small-
angle neutron scattering (SANS) are listed in Table 1 [13]. A
16MND5 type RPV steel is included. Chemical composition was
analyzed by Induced Coupled Plasma Spectroscopy (ICP–MS). The
materials were cold worked, annealed at 1073 K for 1 h in argon
atmosphere, and subsequently quenched in water. The values of
the average grain size and dislocation density determined for the
individual alloys are given in Table 2. It is worth noticing that ex-
actly the same samples investigated here were also analyzed by
positron annihilation techniques [19,23].

The materials were neutron-irradiated in the Callisto rig (IPS2)
in the Belgian reactor (BR2) at Mol [13,14]. An irradiation temper-
ature of 300 �C was maintained. The full set of irradiation condi-
tions is summarized in Table 3. The material conditions studied
by means of SANS are summarized in Table 4. It should be noted
that the neutron flux is three orders of magnitude higher than
the typical flux the pressure vessel of a pressurized water reactor
is exposed to.

2.2. Small-angle neutron scattering (SANS)

The SANS experiments were performed at two different exper-
imental facilities. One was carried out at the SANS instrument of
the SINQ facility of PSI [24] at a wavelength of 0.5 nm with a sam-
ple-detector distance of 2 m. The range of the magnitude of the
scattering vector, Q, from 0.3 nm�1 to 2.7 nm�1 was covered. The
other part of the SANS measurements was carried out at the PAXE
instrument of the Orphee research reactor at LLB Saclay [25] at a
wavelength of 0.6 nm. The SANS intensity was measured with a
Table 1
Neutron-irradiated materials of the REVE experiment.

Material Code Nominal composition (wt.%)

Pure Fe A <30 ppm C
Fe–0.1%Cu C 0.1 Cu (<30 ppm C)
Fe–0.3%Cu D 0.3 Cu (<30 ppm C)
Fe–Mn–Ni E 1.2 Mn, 0.7 Ni (<30 ppm C)
Fe–Mn–Ni–Cu F 1.2 Mn, 0.7 Ni, 0.1 Cu (<30 ppm C)
RPV steel 16MND5 G 0.135 C, 0.009 S, 0.013 P, 0.04 Si, 0.37 Mn,

0.69 Ni, 0.13 Cr, 0.52 Mo, 0.065 Cu

Table 2
Average grain size and dislocation density of the model alloys.

Material Average grain size/lm Dislocation density/1013 m�2

Pure Fe 250 7
Fe–0.1%Cu 125 9
Fe–0.3%Cu 177 9
Fe–Mn–Ni 88 3.2
Fe–Mn–Ni–Cu 88 3.8
2-dimensional 64 cm � 64 cm BF3-detector. In these experiments
the Q-range from 0.16 nm�1 to 1.6 nm�1 was covered. The samples
were placed in a saturation magnetic field. For the analysis includ-
ing corrections related to both sample holder and detector, abso-
lute calibration as well as separation of magnetic and nuclear
contributions of SANS data, we refer to [26]. The incoherent nucle-
ar scattering contribution, (dR/dX)inc, was identified for each of
the unirradiated materials assuming the scattering intensity to fol-
low Porod’s law (i.e. to be proportional to Q�4) for large Q values.
The obtained values, (dR/dX)inc = 0.0055 cm-1 for Fe-alloys and
(dR/dX)inc = 0.0076 cm-1 for the RPV steel, was subtracted from
the measured total and nuclear intensities in order to obtain the
coherent scattering cross-sections, (dR/dX)c, we are interested in.

In order to calculate the size distribution of scatterers, a dilute
two-phase matrix-inclusion microstructure composed of homoge-
neous non-magnetic spherical scatterers randomly dispersed in a
pure Fe matrix is assumed. For a number of N homogeneous spher-
ical scatterers of radius, R, in the probed volume, Vp, the coherent
scattering cross-section (dR/dX)c can be expressed as:

dR
dX

� �
C
ðQÞ ¼ N

Vp
Dg2V2ðRÞjFðQ ;RÞj2 ð1Þ

jFðQ ;RÞj2 ¼ 9ðsin QR� QR cos QRÞ2

ðQRÞ6
ð2Þ

with the volume, V, of the sphere, the magnitude of the scattering
vector, Q, and the form factor, F. Magnetic and nuclear scattering
are not distinguished in Eq. (1). The scattering contrast, Dg2, is gi-
ven by:

Dg2
i ¼ ðnbiÞS � ðnbiÞM

h i2
ð3Þ

where i = m for magnetic scattering and i = n for nuclear scattering.
Subscripts S and M refer to scatterer and matrix, respectively, and
bm and bn denote the average scattering length for magnetic and
nuclear scattering, respectively. In the case of non-magnetic scatter-
ers ð�bm;S ¼ 0Þ in a pure Fe matrix:

Dg2
m ¼ ðnFebm;FeÞ2 ð4Þ

The indirect transformation method [27], which is based on a
description of the size distribution according to Eqs. (1)–(4), was
applied to obtain the size distribution of scatterers without assum-
ing a certain type of distribution.



Fig. 1. (a) Total coherent SANS cross-section for pure Fe exposed to doses of 0.19 dpa (full circles) and 0.038 dpa (full triangles), unirradiated references marked as open
symbols, (b) Size distribution of irradiation-induced defect clusters calculated for pure Fe exposed to 0.19 dpa (solid line) and to 0.038 dpa (dashed line) [29,30].

Fig. 2. Magnetic scattering cross-section (a), (c) and size distributions of irradiation-induced scatterers (b), (d) for binary Fe–Cu alloys.
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dR
dX
ðQÞ ! cRDg2ðRÞ ð5Þ

To this end a number of 40 cubic splines with nodes uniformly dis-
tributed in the radius range from 0 to 15 nm were specified by
means of a weighted least squares procedure in the present case.
For each material the unirradiated control was subtracted after per-
forming the transformation.

As long as the magnetic or nuclear scattering contrast, Dg2, is
unknown, the size distribution, cR, can be obtained in relative units
only according to Eq. (5). However, non-magnetic scatterers were
preliminarily assumed for the purpose of the presentation of re-
sults. In this case the magnetic contrast, Dg2

m, is known and the cal-
culated size distributions can be obtained in absolute units:

cR ¼
ðcRDg2Þm;measured

Dg2
m

ð6Þ

In the case of non-zero magnetic moment of the scatterers (for in-
stance, if the scatterers contain a significant amount of Fe atoms
bearing a magnetic moment), the calculated size distributions rep-
resent a lower bound of the real distribution.
The A-ratio originally defined as ratio of the scattering cross-
sections, dR/dX, perpendicular and parallel to the magnetic field
direction [28] was calculated according to Eq. (7) from the mea-
sured size distributions, cR, of irradiation-induced scatterers scaled
with the (a priori unknown) magnetic and nuclear scattering con-
trast, Dg2

m and Dg2
n, respectively. In general, the magnetic and nu-

clear scattering contrasts are different functions of radius, R. In
order to obtain a robust average value of the A-ratio, the size dis-
tributions were integrated over R.

A ¼ ðdR=dXÞ?
ðdR=dXÞk

¼ ðdR=dXÞm
ðdR=dXÞn

þ 1 ¼
R
ðcRDg2Þm;measureddRR
ðcRDg2Þn;measureddR

þ 1 ð7Þ
3. Results

The total coherent scattering cross-section obtained for pure Fe
[29,30] is presented in Fig. 1. In the case of pure Fe, the magnetic
scattering cross-section was determined in order to check, if the
calculated average A-ratio corresponds to what theory predicts
for vacancy-type clusters (A = 1.4). As this was confirmed, the size



Fig. 3. Magnetic scattering cross-section (a), (c), (e) and size distributions of irradiation-induced scatterers (b), (d), (f) for complex alloys (a)–(d) and 16MND5 type RPV steel
(e), (f).

132 F. Bergner et al. / Journal of Nuclear Materials 399 (2010) 129–136
distribution of scatterers can be calculated from the nuclear scat-
tering cross-section. The result obtained for the size distribution
is presented in Fig. 1b. The result for another heat of pure Fe irra-
diated under similar conditions is shown for comparison [29,30].

In all the other cases, the size distributions were calculated
from the magnetic scattering cross-sections on the assumption of
non-magnetic scatterers (magnetic holes in a ferromagnetic ma-
trix). The results are compiled in Figs. 2 and 3. In Fig. 3e there
seems to be an experimental artefact (in between the dashed
lines). As the indicated small intermediate Q-range is not required
for the reconstruction of the size distribution, the corresponding
values of the scattering cross-section were ignored in the further
analysis. It is important to note that the lower detection limit of
SANS is about 0.5 nm in terms of radius. Any modification of the
shape of the reconstructed size distributions at sizes below the
detection limit would have no effect on the scattering curves and
cannot be ruled out.

We have observed that the size distributions of irradiation-in-
duced scatterers are essentially single peaked. The results obtained
for the peak radius, the total volume fraction of scatterers, their to-
tal number density and the A-ratio are summarized in Table 5 for
all investigated materials. The volume fraction is a measure of
the integral over the obtained size distributions. Both, total volume
fraction and number density were calculated using the assumption
that all the present scatterers are of non-magnetic character and
represent lower bounds for all cases, where scatterers bear a
non-zero magnetic moment. The calculated total volume fraction
is independent of the shape of the scatterers. Peak radius and A-ra-
tio are valid independently of the assumption on the magnetic
character of the scatterers. These quantities represent effective val-
ues for non-spherical or graded scatterers. The yield stress increase
is given in Table 5 for comparison.
4. Discussion

4.1. Mechanical property correlation

According to former experience there is a pronounced correla-
tion between the square root of volume fraction of irradiation-in-
duced clusters and either yield stress increase or hardness
increase [31,32]. We remind that the SANS volume fraction was
calculated on the assumption of non-magnetic clusters. In order
to check this type of correlation in the present case, the complete
set of data pairs was included in the scatter plot, Fig. 4, without dis-
tinguishing particular materials. Fig. 4 shows that a pronounced
correlation is confirmed in spite of the diversity of both the alloys
involved and the nature of the irradiation-induced features
formed. First, this finding additionally confirms the general
correctness of the complex procedure of data analysis including



Table 5
Summary of SANS results and irradiation-induced yield stress increase.

Material Neutron dose/dpa Peak radius/nm A-ratio Volume fraction/% Number density/1022 m�3 Yield stress increase/MPa

Pure Fe 0.19 0.95 1.4 0.014 4 127
Fe–0.1%Cu 0.026 1.4 1.4 0.069 12 132

0.051 1.4 >10 0.083 14 143
0.10 1.6 4.6 0.083 7 205
0.19 1.9 2.6 0.089 4 188

Fe–0.3%Cu 0.026 2.0 2.5 0.229 9 210
0.051 2.3 9 0.280 5 210
0.10 2.1 7 0.237 15 254
0.19 2.3 2.4 0.300 5 236

Fe–Mn–Ni 0.051 0.9 1.1 0.003 0.9 71
0.10 0.8 1.3 0.09 38 125
0.19 1.4 1.6 0.13 21 194

Fe–Mn–Ni–Cu 0.051 1.0 1.2 0.046 10 167
0.10 0.95 1.9 0.25 66 226
0.19 1.05 2.0 0.41 77 300

RPV steel 0.051 0.75 1.5 0.005 2 62
0.10 0.85 1.4 0.015 5 116
0.19 0.85 2.1 0.08 24 155

Fig. 4. Correlation between square root of volume fraction and yield stress increase
with each of the alloys and irradiation conditions of this work involved.
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absolute calibrations and corrections, separation of magnetic and
nuclear contributions, subtraction of incoherent scattering as well
as the applicability of the assumptions made. Second, our finding
shows that the volume fraction of irradiation-induced clusters de-
rived from SANS data is relevant in the sense that the observed
clusters themselves are either responsible for the irradiation-in-
duced hardening or correlated with the features responsible for
hardening. The straight line fitted to the data points in Fig. 4 indi-
cates that there are essentially two components of the yield stress
increase. One component is linearly related to the square root of
cluster volume fraction. The second one given by the intersection
with the ordinate is not related with volume fraction. This part
can be ascribed to features of size below the detection limit of
SANS (0.5 nm in radius) and/or of scattering contrast too small to
give rise to detectable scattering (e.g. dislocation loops).

4.2. Pure Fe

SANS results for pure Fe are available for a dose of 0.19 dpa (Ta-
ble 5). The measured A-ratio of 1.4 agrees with the value calculated
for vacancy-type clusters on the basis of Eqs. (3) and (7) (ignoring
the subscript ‘‘measured” and reducing the fraction in Eq. (7) [32]).
In order to get a first impression on the effect of dose, the results
can be compared with a SANS measurement performed for another
heat of pure Fe neutron-irradiated up to a dose of 0.038 dpa [29,30]
(Table 6). The comparison indicates that both peak radius of va-
cancy clusters and number density are slightly increasing functions
of dose. The effect of dose on the volume fraction is a consequence
of the latter two effects. The combination of both effects gives an
increase weaker than a linear one.

Carefull examination of the scattering curves (Fig. 1) indicates
that there is a systematic Q-independent irradiation-induced in-
crease of the scattering cross-section at low values of Q for both
heats of pure Fe. In [30] it was checked that this increase is defi-
nitely not caused by the population of planar dislocation loops de-
tected by means of TEM. Rather, a distribution of nanovoids of
diameters up to about 20 nm to be described in a companion paper
focussed on TEM [17] does explain the observed increase of the
scattering cross-section.

4.3. Fe–Cu

The total volume fraction of irradiation-induced clusters, the
peak radius and the A-ratio are presented in Fig. 5a–c, respectively,
as a function of dose. We have observed that the volume fraction of
clusters derived from the SANS results exhibits a saturation-like
behaviour and that the saturation values almost coincide with
the atomic Cu fractions of the binary Fe–0.1%Cu (0.088 at.%) and
Fe–0.3%Cu (0.26 at.%) (see Table 5 and Fig. 5a). The slightly reduced
volume fractions for a dose of 0.026 dpa indicate that the satura-
tion level was just approached at about this dose.

The estimated peak size is a slightly increasing function of dose
for Fe–0.1%Cu. For Fe–0.3%Cu the peak size is generally larger but
no dose dependence (Fig. 5b) could be noticed. The number density
for Fe–0.1%Cu tends to decrease mainly as a result of increasing
size at constant volume fraction.

The measured values of the A-ratio of both types of Fe–Cu alloys
follow similar dose dependences (Fig. 5c). They are bounded by the
A-ratios expected for pure fully coherent Cu precipitates, A = 12,
and for pure vacancy clusters, A = 1.4 [32]. There is a monotonic
relationship between A-ratio and Cu-vacancy ratio of a Cu-vacancy
cluster (Fig. 6) [32,33]. The dose dependences of the A-ratio and,
therefore, of the Cu-vacancy ratio of the average cluster pass
through a maximum at about 0.05 dpa.

The peak in the dose dependence of the A-ratio can be explained
tentatively on the basis of the following reasoning: The steady-
state concentration of vacancies under irradiation is a decreasing
function of the concentration of vacancy sinks and traps. At an
early stage of cluster evolution there are few small Cu-clusters



Table 6
Comparison with results obtained for a different lot of pure Fe [29,30].

Dose/
dpa

Peak
radius/nm

A-ratio Volume
fraction/%

Number
density/m�3

0.19 0.95 1.4 0.014 4 � 1022

0.038 0.78 1.4 0.006 3 � 1022

Fig. 5. Dose dependence of total volume fraction (a), peak radius (b) and A-ratio (c)
of irradiation-induced clusters in binary Fe–Cu alloys.

Fig. 6. Relationship between the Cu-vacancy ratio of a Cu-vacancy cluster in Fe and
the A-ratio.
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operating as vacancy traps, the steady-state vacancy concentration
is high and the existing Cu-clusters absorb a high fraction of vacan-
cies. At a later stage a higher concentration of larger mixed
vacancy-Cu-clusters has formed causing the concentration of va-
cancy traps to increase and the steady-state vacancy concentration
to decrease. At this stage the Cu fraction in the mixed clusters in-
creases giving rise to the observed increase of the A-ratio. Still later
the matrix is depleted of Cu atoms. No further Cu atoms can be ab-
sorbed by the clusters but vacancies are still available giving rise to
a decrease of the A-ratio and finally to the formation of a peak in
the dependence of the A-ratio on time or dose at constant dose
rate.

It should be noticed that an increasing Cu-vacancy ratio (or
increasing A-ratio) is consistent with a sequence deduced from a
combined investigation using APT and rate theory and described
as heterogeneous nucleation of Cu at preexisting vacancy clusters
[34,35]. On the other hand, a decreasing Cu-vacancy ratio (or
decreasing A-ratio) is compatible with the generation of microv-
oids at preexisting Cu-clusters as deduced from a combination of
PAS and rate theory [36,14]. The present investigation indicates a
crossover in the evolution of the Cu-vacancy ratio. The analysis
of the same alloys with PAS techniques combining positron life-
time measurement and coincidence Doppler broadening has
shown the same effect [19,23].

Fe atoms in the clusters bearing the same magnetic moment as
matrix Fe do not influence the A-ratio. However, the magnetic mo-
ment of Fe depends on the Cu/Fe ratio in the clusters. Therefore,
changes of this ratio as a function of dose might also contribute
to the dose dependence of the A-ratio [25].

4.4. Fe–Mn–Ni and Fe–Mn–Ni–Cu

For both alloys a slight increase of the A-ratio of irradiation-in-
duced clusters with dose is observed. The A-ratio obtained for Fe–
Mn–Ni is much smaller than for the Fe–Cu alloys and, at least at
the lower doses, even smaller than for pure Fe (A = 1.4). This can
only be explained with the negative nuclear scattering length of
Mn and implies that Mn atoms are an important constituent of
the irradiation-induced defect-solute clusters. This result indicates
irradiation-induced clustering as opposed to irradiation-enhanced
precipitation to occur, because the Mn content is below the solubil-
ity limit of Mn in Fe of about 5 at.%. A similar observation was re-
ported in [30] for irradiation-induced clustering of Ni in a binary
Fe–3%Ni alloy. The A-ratio obtained for Fe–Mn–Ni–Cu is still much
smaller than for Fe–0.1%Cu (Mn effect) but larger than for Fe–Mn–
Ni (Cu effect). It is also interesting to note that the A-ratio found for
Fe–Mn–Ni is less than the value observed in our previous investi-
gation for Fe–Mn-Si (A = 1.7) [33].



Fig. 7. Dose dependence of the volume fraction of irradiation-induced defect-solute
clusters for Fe–0.1%Cu (circles), Fe–Mn–Ni (squares) and Fe–Mn–Ni–0.1%Cu
(triangles).

Table 7
Comparison of the sum of volume fractions for Fe–0.1%Cu and Fe–Mn–Ni with the
volume fraction measured for Fe–Mn–Ni–0.1%Cu.

Dose/dpa Fe–0.1%Cu + Fe–Mn–Ni Fe–Mn–Ni–0.1%Cu

0.051 0.086 0.046
0.10 0.173 0.25
0.19 0.219 0.41
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For both Fe–Mn–Ni and Fe–Mn–Ni–Cu there is no clear dose
dependence of the peak radius. Cluster size is found to be smaller
than for Fe–Cu alloys and similar as for pure Fe.

A pronounced increase of the volume fraction of defect-solute
clusters with dose is observed for both alloys without any indica-
tion of a saturation-like behaviour (Fig. 7). A similar behaviour
has been observed in the yield stress increase with irradiation
dose. At higher doses, 0.10 dpa and 0.19 dpa, the cluster volume
fraction is significantly larger than the sum of the fractions for
Fe–0.1%Cu and Fe–Mn–Ni (Table 7). This shows that the effect of
Mn and/or Ni synergistically combines with the effect of Cu.

4.5. RPV steel

The peak radius observed for the RPV steel is the smallest one of
the alloys investigated. There is no significant dependence on dose.
The volume fraction of the irradiation-induced defect-solute clus-
ters exhibits a pronounced, monotonically increasing dose depen-
dence. From the viewpoint of composition (Table 1), the RPV steel
should be best comparable with Fe–Mn–Ni–Cu and Fe–Mn–Ni. In-
deed, the Ni contents agree for each of the three materials and the
Cu content of the RPV steel is in between the two others. However,
for doses of 0.10 dpa and 0.19 dpa the volume fraction for the RPV
steel is observed to be less than both, not in between. This obser-
vation may be due either to direct participation of Mn, the content
of which is much less for the RPV steel, or to indirect effects of
other elements (e.g. carbon) on cluster formation.

5. Conclusions

Neutron-irradiated pure Fe, Fe–0.1%Cu, Fe–0.3%Cu, Fe–NiMn,
Fe–NiMnCu and a 16MND5 type RPV steel were investigated by
means of SANS. The following conclusions on the nature of irradi-
ation-induced clusters including the effects of neutron dose and
composition can be drawn on the basis of the extracted SANS
results:

(1) For pure Fe irradiation-induced defect clusters are detected
by SANS. The measured A-ratio of 1.4 agrees with the expec-
tation for vacancy-type clusters.

(2) For Fe–Cu alloys the dose dependence of the volume fraction
of irradiation-induced defect-solute clusters exhibits an ini-
tial increase followed by a saturation-like behaviour. The
volume fraction at saturation approximately coincides with
the atomic fraction of Cu in both types of Fe–Cu alloy. The
dose dependence of the A-ratio passes through a peak at
about 0.051 dpa. A tentative explanation for the peak pro-
posed in the discussion is based on the relation between
A-ratio and Cu-vacancy ratio in the average cluster. Accord-
ing to this interpretation the peak marks the instant of time
during irradiation, at which Cu depletion of the matrix is
completed.

(3) For Fe–Mn–Ni and Fe–Mn–Ni–Cu the volume fraction of
irradiation-induced defect-solute clusters is observed to
increase monotonically with dose. The volume fraction for
Fe–Mn–Ni–Cu increases faster than the sum of those for
Fe–0.1%Cu and Fe–Mn–Ni indicating a synergistic effect of
Mn and/or Ni with Cu. The observed values of the A-ratio less
than 1.4 shows that Mn is an important constituent of the
clusters.

(4) For the RPV steel the volume fraction of irradiation-induced
defect-solute clusters also increases monotonically with
dose, but the increase is found to be slower than expected
from the Ni and Cu contents. Possible explanations are
related to the lesser Mn content in the RPV steel or to the
indirect effect of other alloying elements.

A fairly strong correlation between the square root of volume
fraction of irradiation-induced clusters observed by means of SANS
and the irradiation-induced increase of yield strength was found.

The intention of the microstructural investigation of the mate-
rials involved in this work was to combine the results of different
methods including ATP, PAS, TEM and SANS. The presented results
are a contribution to this effort. The combination of methods will
be vital for the final clarification of the nature and formation kinet-
ics of irradiation-induced features. The results are a proper basis
for the validation of models describing the long-term evolution
of cluster populations. Finally, it should be borne in mind that
transfer of the present results to reactor operation conditions re-
quires the consideration of flux effects.
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