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The radiation induced microstructure was examined by Transmission Electron Microscopy in Fe, FeCu,
FeMnCuNi, FeMnNi and a Reactor Pressure Vessel steel that were neutron irradiated to 0.026, 0.051,
0.10 and 0.19 dpa at 300 �C. The effect of dose and composition on defect accumulation and microstruc-
ture evolution was investigated. The damaged microstructure consisted in the presence of dislocation
loops of interstitial type. The presence of voids was also studied in pure iron. Results on density, size
and Burgers vector of radiation induced dislocation loops showed that the evolution of the interstitial
component of the neutron irradiation induced microstructure was strongly affected by the presence of
solutes such as Cu, Mn and Ni. Density and size increased with increasing dose in all the materials, while
the effect of solutes is clearly to decrease the size of defects compared to pure iron. It has been observed
that, for the same irradiation dose, the defect size decreases as the material becomes more complex, with
the extreme case of the RPV steel where no defects were observed at any of the irradiation doses studied.

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

Changes in mechanical properties of Reactor Pressure Vessel
(RPV) steels in nuclear reactors are the consequence of changes
produced at microstructural level under the effect of neutron irra-
diation. Radiation embrittlement in these materials is attributed to
three main microstructural aspects induced by irradiation: matrix
damage, copper rich precipitates and segregation to grain bound-
aries [1–4]. Matrix damage includes both interstitial and vacancy
point defect clustering. These clusters, together with Cu rich pre-
cipitates, are obstacles to the movement of dislocations under
stress, reducing ductility and increasing yield stress, and contrib-
ute to increase the probability of brittle fracture. The precipitates
of copper are a major contribution to the hardness increase and
have been the focus of many experimental and theoretical studies
on binary Fe–Cu alloys and steels under various conditions [5–14]
However, the relevance of matrix component of damage and of the
presence of other solutes can be high in low copper content alloys
and also in the case of high fluences [15,16].

The work presented in this paper was performed within the
frame of the PERFECT Project, an integrated project funded by
the 6th framework programme of EC. The general objective of this
project was the construction of a predictive tool based on multi-
scale modelling techniques. To ensure the reliability of such a tool,
the experimental validation of computational codes is required.
ll rights reserved.
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dez-Mayoral).
With that purpose, a neutron irradiation experiment was designed
to obtain both an understanding of the basic and relevant mecha-
nism that take place under irradiation, and quantitative experi-
mental data adequate to perform the experimental validation of
prediction tools based on multiscale modelling, which are devel-
oped in parallel within the same project.

This article is one of three papers devoted to the presentation of
experimental results obtained by means of Tomographic Atom
Probe (TAP), Small Angle Neutron Scattering (SANS) and Transmis-
sion Electron Microscopy (TEM) applied to the same set of neutron
irradiated Fe based alloys and to an RPV steel. The results pre-
sented here come from TEM characterisation and are complemen-
tary to the results coming from the other characterisation
techniques reported in companion papers. The relevance of TEM
studies in this field stems from its ability to detect the interstitial
component of damage, which is a part of radiation damage not de-
tected with other microstructural characterisation techniques in
such a direct way. Therefore, TEM results combined with those of
complementary techniques, will allow a complete description of
the microstructure produced by irradiation in the materials under
study to be obtained.
2. Experimental methodology

Different model alloys with similar composition to RPV steels
were neutron irradiated at the test reactor BR2 of the SCK�CEN lab-
oratory in Belgium. The materials considered for TEM examination
are listed in Table 1. Experimental details regarding radiation
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Table 1
Neutron irradiated materials.

Material Nominal composition (wt.%)/impurities

Pure Fe <30 ppm C
Fe–0.1%Cu 0.1 Cu (<30 ppm C)
Fe–0.3%Cu 0. 3 Cu (<30 ppm C)
Fe–Mn–Ni 1.2 Mn, 0.7 Ni (<30 ppm C)
Fe–Mn–Ni–Cu 1.2 Mn, 0.7 Ni, 0.1 Cu (<30 ppm C)
RPV steel 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
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conditions and material characteristics as well as the microstruc-
ture previous to irradiation are reported in [17]. In particular, the
average grain size in pure Fe was 250 lm, and decreased for the
rest of the model alloys, specifically, 125 lm for Fe–0.1Cu and
177 lm for Fe–0.3Cu, while for FeMnNi and FeCuMnNi it was
88 lm. The dislocation density ranged from 3.2 up to 9 � 1013 m�2.

The microstructure previous to irradiation of the non-irradiated
RPV steel is shown in Fig. 1. The ferritic matrix presented regions
with a high density of carbides precipitated near regions almost
free of precipitates. These precipitates were placed at grain and
subgrain boundaries forming internal groups, and showing a pref-
erential orientation. Some precipitates showed globular morphol-
ogy and others an elongated morphology. In addition, it was
possible to observe, usually at regions with low density of carbides,
the presence of small needle shaped Mo rich precipitates. The dis-
location density of the material was highly heterogeneous.
Fig. 1. Microstructure of the RPV steel before neutron irradiation.

Table 2
Irradiation conditions (marked with x are those studied by TEM).

Dose Fe Fe0.1Cu F

0026 dpa (1.7 � 1019n/cm2) x x x
0051 dpa (3.5 � 1019n/cm2) x x x
0,1 dpa (6.9 � 1019n/cm2) x x x
0,19 dpa (1.3 � 1020n/cm2) x x x

Flux: 0.95 � 1014 n/cm2 s.
The irradiation of different types of specimens was carried out
at the reactor operating temperature, 280 �C 6 T 6 300 �C. In the
present paper, a study by TEM on the effect of dose from 0.026
to 0.19 dpa, at a neutron flux of 0.95 � 1014 n/cm2 s, is reported.
It is worth mentioning that the flux level in these experiments is
high compared to the one received by the vessel wall in commer-
cial nuclear reactors and this fact should be taken into account
when comparing the resultant microstructures. The effect of flux
on microstructure and behaviour of RPV steels is an issue stil under
discussion, but the use of high flux allows high dose levels repre-
sentative of these received by pressure vessel steels after long term
operation to be reached.

Table 2 summarises the experimental conditions studied by
TEM. The trend of the microstructure evolution has been studied
in terms of defect density and defect size, as a function of dose.
The examination of model alloys serves to discern the effect of
alloying or impurity elements such as Cu, Mn and Ni.

Specimens for TEM were irradiated in the form of 3 mm diam-
eter discs and 100 lm thickness. Special small boxes were fabri-
cated where seven TEM specimens of every material per
irradiation condition were placed for their irradiation in the test
reactor as explained in [17]. Once exposed to the reactor environ-
ment, the specimens were received at CIEMAT laboratories for TEM
examination. Irradiated samples were thinned by conventional
electropolishing with a Metalthin machine with 5% perchloric acid
in methanol at �60 �C. At least two samples per condition and
material were examined.

The characterisation of the irradiated microstructure was per-
formed in a JEOL, JEM-2010 Transmission Electron Microscope
(TEM) operating at 200 keV, at CIEMAT laboratories. A combination
of Bright Field (BF) and Weak Beam Dark Field (WBDF) diffraction
contrast conditions were employed to characterise defects induced
by neutron irradiation [18,19]. From TEM images, quantitative
information was obtained about the density and size of defects.
The counting of defects was performed on TEM images recorded
under reflections type g = (1, 1, 0), where the best contrast was ob-
tained. No correction was performed on density to take into ac-
count that some families of loops are not visible under the
reflections used. Therefore, the data presented provide qualitative
information on the trend observed for dose effect on defect density.
The local thickness needed to calculate density was estimated
using the Convergent Beam Electron Diffraction (CBED) method
[20].

The dislocation loop size was obtained from TEM images. The
method employed was to measure the larger dimension of the loop
image. Size distributions are presented in the form of histograms
and the average size has been calculated by fitting histograms to
a lorentzian function.

The presence of voids was studied by means of a BF through-fo-
cal series recorded with the foil tilted away from the Bragg condi-
tion for all reflections. Under these conditions, voids appear as
white dots surrounded by a dark Fresnel fringe in underfocus
images, and as dark dots surrounded by a bright fringe in overfocus
images. This method allows voids as small as 1 nm to be detected
using defocus values of about 1 lm [18,19].
e0.3Cu FeMnNi FeMnNiCu RPV steel

– – x
– – x
x x x
x – x
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3. Results

3.1. Defect density and size distribution

The series of TEM images in Fig. 2 shows the effect of dose on
the microstructure evolution of pure Fe neutron irradiated at
300 �C in a range of dose from 0.026 to 0.19 dpa. The damage pro-
duced by neutron irradiation was in the form of directly observable
defects at all the dose levels studied. They were identified as small
dislocation loops which are visible as white dots under WBDF con-
ditions or black dots under two beam BF imaging conditions at low
doses, 0.026 and 0.051 dpa. Defect clusters observed after 0.1 dpa
and 0.19 dpa clearly showed the typical contrast of dislocation
loops under the different reflection conditions employed. These
Fig. 2. Microstructure of pure Fe, after neutron irradiation up to (a) 0.026 dpa, (b)
0.051 dpa, (c) 0.1 dpa and (d) 0.19 dpa at 300 �C.

Fig. 3. TEM images showing microstructure induced by neutron irradiation at
0.1 dpa and 300 �C in (a) Fe, (b) Fe–0.1Cu, (c) Fe–0.3Cu, (d) FeMnNiCu and (e)
FeMnNi.



Table 3
Summary of quantitative results obtained from TEM images.

Material Dose
(dpa)

Average size (nm)
(total number
measured loops)

Maximum
size (nm)

Density (�1020

dislocation
loops/m�3)

Fe 0.026 – – 3.4 ± 0.4
0.051 4.9 ± 0.3 (251) 15 8.6 ± 0.8
0.10 7.1 ± 0.2 (663) 21 12.8 ± 0.8
0.19 10.2 ± 0.3 (1721) 49 39.1 ± 0.7

Fe–0.1Cu 0.026 – – 5.8 ± 0.6
0.051 – – 2.8 ± 0.3
0.10 4.5 ± 0.1(1690) 22 11.8 ± 0.8
0.19 7.7 ± 0.2 (888) 31 19.0 ± 0.9

Fe–0.3Cu 0.026 – – –
0.051 – – 3.4 ± 0.5
0.10 5.2 ± 0.2 (848) 19 34.7 ± 0.6
0.19 7.2 ± 0.2 (1736) 26 51.3 ± 0.6

FeCuMnNi 0.026 – – –
0.051 – – –
0.10 3.2 ± 0.2 (53) 8 10.7 ± 0.7
0.19 – – –

FeMnNi 0.026 – – –
0.051 – – –
0.10 3.9 ± 0.1 (32) 7 4.00 ± 0.4
0.19 4.7 ± 0.2 (395) 21 9.6 ± 0.8
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Fig. 4. Dose dependence of visible defect cluster density in neutron irradiated RPV
model alloys at 300 �C.
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defects were distributed homogeneously in the matrix, though in
some cases dislocation decoration was also observed. Visible loops
increased in size with dose but no overlap was observed in this
dose range (see Fig. 2).

The neutron damage microstructure found in FeCu, FeCuMnNi
and FeMnNi alloys, was qualitatively similar to what has been de-
scribed above for pure Fe. FeMnNi was examined after 0.1 and
0.19 dpa, and FeCuMnNi after 0.1 dpa. Defects caused by neutron
irradiation were observed at all conditions studied, except at the
lowest dose (0.026 dpa) in Fe–0.3Cu. Fig. 3 shows a series of images
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Fig. 5. Histograms showing size distribution of defects in neutro
comparing neutron induced microstructure for all model alloys at
0.1 dpa, 300 �C. Regarding the RPV steel, after irradiation the same
ferritic microstructure was observed with a similar carbide distri-
bution as before irradiation: globular and elongated precipitates
heterogeneously distributed at the ferritic matrix. No defects that
could be attributed to neutron exposure were observed, in partic-
ular, no dislocation loops were observed at any of the considered
doses.

From TEM images, quantitative information was obtained
regarding density and size distribution of defects which is summa-
rised in table 3. The density of visible dislocation loops as a func-
tion of dose is shown in Fig. 4 for all the model alloys studied.
Defect density increases when dose increases from 0.026 to
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0.19 dpa, in pure iron. For the model alloys an increase of defects
with density is also observed, although the trend can not be clearly
deduced, due to either scatter in the data or in the number of data
points for that material. In all cases, no saturation of the defect
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Fig. 6. Dose dependence of average size of dislocation loops in neutron irradiated
RPV model alloys at 300 �C.

Fig. 7. Burgers vector analysis in pure Fe neutron irradiated at 0.19 dpa, 300 �C.

Table 4
g�b product values for reflections near [1 1 0] pole for the Burgers vector type expected in

g/b 1/2[1 1 1] 1/2[�1 1 1] 1/2[1 –1 1]

(0, 1, �1) 0 0 1
(2, 0, 0) 1 1 1
density was observed at these dose levels. Fe–0.3Cu shows higher
density than pure iron except at 0.051 dpa where a lower density
was found, a fact that can be related to the bad quality of these par-
ticular specimens that reduced visibility of defects. However, Fe–
0.1Cu shows a similar density as pure iron, except at higher doses,
where it shows lower density. Only FeMnNi clearly shows lower
density than pure iron. As mentioned above, the values of defect
densities must be considered as qualitative, since no corrections
for those families of loops that are not visible were included.

Defect size distributions are presented in Fig. 5 in the form of
histograms for different doses and materials. A clear effect of dose
on size distribution is observed. Histograms become broader as
dose increases in all the materials, and maximum and mean size
increase with dose. In addition, a clear effect of the composition
on size distribution is observed. The size distribution becomes nar-
rower in both Fe–Cu alloys compared to pure iron, being the effect
more pronounced in the case of FeCuMnNi and FeMnNi alloys,
where the lowest average sizes and the narrowest size distribu-
tions are obtained. The average size dependence on dose for every
material is shown in Fig. 6. The trends in defect size are clear,
namely, the effect of dose is to increase the average size for pure
Fe and the rest of model alloys, while the effect of composition is
to decrease size as the system becomes more complex.

3.2. Loop morphologies

The loop Burgers vector, b, has been determined in pure Fe, Fe–
0.1Cu and Fe–0.3Cu alloys irradiated up to 0.19 dpa, where large
loops were observed. The invisibility criterion of dislocation loops
under specific diffraction conditions was employed [18,19]. Fig. 7
shows an example of two BF images taken on the same area in irra-
diated pure Fe, under reflections g = (2, 0, 0) and g = (0, �1, 1) near
pole [1 1 0]. Table 4 shows values of the g b product for the analysis
performed, where g b = 0 means that the dislocation loop shows no
contrast, therefore it is invisible under the reflection employed to
form the image. From the table it can be deduced that those loops
showing no contrast under g = (2, 0, 0) reflection, but visible under
g = (0, �1, 1) are of type [0 1 0] or [0 0 1]. Those dislocation loops
visible under both reflections would be two families of type 1/2
Fe and RPV model alloys.

1/2[1 1 –1] [1 0 0] [0 1 0] [0 0 1]

1 0 1 1
1 2 0 0

Fig. 8. Underfocused TEM image showing the presence of large voids in pure Fe
neutron irradiated at 0.19 dpa, 300 �C.



Fig. 9. TEM images of voids in Fe neutron irradiated to 0.19 dpa at 300 �C (a) underfocused and (b) overfocused conditions. The arrows point to several possible small voids.
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h1 1 1i. Finally, b of those loops visible under g = (2, 0, 0) and invis-
ible under g = (0, �1, 1) cannot be discerned, namely, it is not pos-
sible to say if they are type 1/2 h1 1 1i or h1 0 0i. By comparing
images in Fig. 7 under both reflections and similar ones in different
areas, it has been obtained that out of a total of 174 loops, 150
loops were visible under g = (0, �1, 1) and not under g = (2, 0, 0),
so 86% of the loops had Burgers vector of type h1 0 0i, 10% of type
b = 1/2 h1 1 1i, while the remaining 4% can be either 1/2 h1 1 1i or
h1 0 0i. Although the Burgers vector is known for the majority of
the dislocation loops, the additional information needed to discern
about the vacancy or interstital nature of the observed dislocation
loops could not be obtained.

In Fe–0.1Cu, following the same procedure as in pure iron, it
was concluded that most of the loops were of type h1 0 0i, with
similar proportion of h1 0 0i or 1/2 h1 1 1i loops as in pure Fe. Final-
ly, in Fe–0.3Cu, it was again obtained that the majority of defects
have Burgers vector type h1 0 0i. In this case, a slight increase in
1/2 h1 1 1iproportion was observed as 63% of defects had
b = h1 0 0i, 20% had 1/2 h1 1 1i and 17% remain undetermined.
3.3. Voids

Pure Fe neutron irradiated to 0.19 dpa at 300 �C was examined
to study the presence or not of voids. An investigation is underway
to assess this issue in the rest of irradiation conditions and materi-
als. Large voids with an average size of (12 ± 0.4) nm and an esti-
mated density of 1.2 � 1020 m�3, were observed as shown in
Fig. 8. Also the presence of smaller voids was investigated and ar-
rows in Fig. 9 point to features tentatively identified as small voids,
with sizes of about 2 nm. These observations suggest the presence
of a bimodal distribution of vacancy clusters. Large and small voids
appear to be randomly distributed throughout the grain interior. In
particular, they were not observed to appear preferentially associ-
ated to dislocation loops.
4. Discussion

4.1. Damage accumulation in pure iron

The effect of neutron irradiation observed by TEM has been the
production of defect clusters in the form of dislocation loops. In
pure Fe at 300 �C and 0.19 dpa, the majority of loops had Burgers
vector type h1 0 0i. It is thought this is also the case at lower doses
in agreement with other results found in the literature, for similar
irradiation temperatures, but lower doses, 0.04 [21] and 0.07 dpa
[22,23]. Interstitial or vacancy nature of dislocation loops could
not be determined here, but they are most probably interstitial
type according to previous TEM studies on neutron irradiated pure
iron, where this fact was determined either directly [24,25] or indi-
rectly by in situ annealing [21] or electron irradiation [26]. How-
ever, the fact that a fraction of the smaller dislocation loops
could be of vacancy type [27] is not discarded, though it is not
probable that the large vacancy clusters collapse to planar config-
urations according to simulation results [28,29] where the mini-
mum energy structures of pure vacancy clusters are, in general,
spherical in shape.

In this work, vacancy clusters in the form of large and small
voids have been observed in pure Fe at 0.19 dpa and 300 �C. Similar
large voids were observed by Horton [24] at 300 �C and 1 dpa in
pure Fe, and small voids are reported to have been detected by Pos-
itron Annihilation Spectroscopy (PAS), and also by TEM [30].
According to molecular dynamics simulations [31,32] the damage
produced in collision cascades in Fe consists of self-interstitial
atom (SIA) and vacancies, that are mostly isolated or form very
small clusters. The irradiation temperature used in the experiment
presented here is above Stage III for Fe and close to Stage V, there-
fore vacancies are able to migrate at these temperatures, and small
clusters of vacancies are probably able to dissociate. This can result
in a high supersaturation of vacancies that could give rise to the
growth of larger and more stable vacancy clusters at the expense
of the single vacancies and smaller clusters. This would explain
the presence of small voids observed here. However, the occur-
rence of spherical clusters of sizes such as those observed in these
experiments (�12 nm) still needs to be understood. In other mate-
rials, the existence of voids is associated to the presence of gas such
as He produced by transmutation due to the neutron irradiation
[30], as He could stabilize these vacancy clusters into spherical
voids. However, the production rate of He under neutron irradia-
tion conditions considered here is thought to be very low.

Regarding evolution with dose of the interstitial component of
damage in pure iron, dislocation loop density is observed to in-
crease with dose up to 0.19 dpa. Defect clusters have been ob-
served from the lower dose considered, 0.026 dpa (1.7 � 1019 n/
cm2). Their observation by TEM implies that the growth of intersti-
tial clusters take place after the formation of interstitials at the
outshell of cascades, reaching TEM observable sizes (above
1.5 nm in diameter). In pure iron, it is unlikely they cluster and
reach TEM observable sizes directly in the cascade. For the highest
recoil energies modelled by molecular dynamics simulations in
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this material with recently developed interatomic potentials, the
maximum SIA cluster size has less than 20 defects [32,33], clearly
below the resolution of TEM. However, it must be taken into ac-
count that the simulation times are very short, only of a few pico-
seconds. Another aspect to consider, regarding evolution of SIA
clusters, is the particular dislocation loop configuration they reach
in terms of their Burgers vector. As mentioned above, in pure Fe,
most of the loops observed were of h1 0 0i type and reached sizes
about 10 nm at the highest dose, 0.19 dpa. The mechanism of for-
mation of these loops is still an unresolved issue because calcula-
tions show as the most energetically favourable configurations
the h1 1 0i or 1/2 h1 1 1i. The last ones are energetically more
favourable for clusters containing more than five defects, both
according to empirical potentials and based on ab initio calcula-
tions [34,35]. Hence, some kind of interaction or transformation
of smallerh1 1 0i or 1/2 h1 1 1i should occur to produce the large
h1 0 0i dislocation loops that are found experimentally in this
and other works [21–24]. The formation of h1 0 0i loops through
the interaction of h1 1 1i loops has been proposed as a possible
mechanism, based on molecular dynamics simulations [36]. How-
ever, recent experiments by Arakawa et al. [37] suggest the direct
transformation of h1 1 1i loops into h1 0 0i loops during annealing
at 300 �C. Therefore, once SIA have been formed at the outshell of
cascades during irradiation, they can diffuse and grow by random
encounters with other SIA clusters or free interstitials forming
clusters with dislocation loop configuration, first h1 1 0i and then
larger as h1 1 1i, but still too small to be observable by TEM. As
irradiation proceeds, these small loops can transform to h1 0 0i
by processes such as the one observed by Arakawa [37] and also
grow to reach larger cluster sizes than those obtained from individ-
ual cascade simulations and, consequently, reaching visible TEM
sizes. Some dislocation loops type 1/2 h1 1 1i also have the chance
to grow to observable sizes with no transformation, as a fraction of
them are observed in these experiments. The experimental results
presented here show that SIA clusters grow as dose accumulates
from 0.026 dpa. The growth of existing clusters occurs together
with the generation of new ones because a population of defects
with size at the resolution limit of TEM, 1.5–2 nm, is always ob-
served. Therefore, these experimental results reveal that the dom-
inant processes in microstructural evolution, in this dose range, are
nucleation and growth of self-interstitial clusters.

4.2. Copper effect

In both Fe–Cu alloys studied in this work the observed effect of
dose was similar to what has been explained above for pure iron,
namely, dislocation loop density and size increase with increasing
dose. The presence of Cu in iron reduces cluster size, this means
that the presence of copper in iron reduces the rate of growth of
interstitial clusters being necessary a higher dose to reach a similar
size to that in pure iron. The influence of Cu on SIA cluster evolu-
tion could be explained by a direct binding between Cu and SIA
or SIA clusters, but ab initio calculations show that the interaction
between Cu and SIA is very weak and the formation of a mixed
dumbbell is very unfavourable [38]. Thus, a direct interaction be-
tween Cu and SIA is not believed to be the prevalent mechanism
to affect evolution of SIA clusters under irradiation in FeCu model
alloys. An indirect effect of Cu on SIA clustering through Cu-va-
cancy interactions can then be considered. In Fe containing Cu,
an association of vacancies with Cu atoms forming Cu-vacancy
complexes has been found experimentally by PAS [11]. A strong
binding between Cu and vacancies has also been obtained using
ab initio simulations [39]. This binding will result in a higher effec-
tive migration energy of vacancies in Fe–Cu alloys than in pure Fe,
thus affecting vacancy diffusion and enhancing recombination
with SIA, possibly at Cu-vacancy sites, decreasing the number of
interstitials available for cluster growth, hence reducing interstitial
cluster growth rate.

The formation of Cu-vacancy complexes and their interaction
with SIA clusters seems to affect also the morphology of disloca-
tion loops and an increase of the proportion of 1/2 h1 1 1i loops
compared to pure iron at 0.19 dpa and 300 �C was observed. This
result was already reported by Ebrahimi et al. [22] for Fe–0.3%
Cu content compared to pure Fe at lower dose, 0.04 dpa. It is pos-
sible that this fact results from the influence of Cu atoms on inter-
stitial cluster mobility. Calculations using empirical potentials for
Fe–Cu [40] have shown that for the case of h1 1 1i clusters moving
one-dimensionally (clusters with 10 defects or more), Cu acts as an
obstacle for this one-dimensional motion, reducing their trajecto-
ries and decreasing their diffusivity. The loss of mobility would al-
low the growth of these 1/2 h1 1 1i loops and the achievement of
visible TEM sizes, increasing their observed proportion in FeCu
model alloys in comparison with pure Fe.

In the same manner Cu, through its association with vacancies,
affects evolution of interstitial clusters, it is possible that intersti-
tial clustering affects also the mechanisms of Cu redistribution in
the matrix under irradiation as simulation results from Barashev
et al. [41] point out. This fact would imply that interstitial compo-
nent of irradiation damage should be taken into account to explain
evolution processes leading to solute redistribution in matrix due
to irradiation, Cu in this case. The study of the possible mecha-
nisms for copper precipitation using simulations has been mostly
focused on the vacancy component of damage and its interaction
with Cu atoms [42]. Recently, calculations are starting to include
a possible interaction between SIA and Cu atoms [40,43] as well
as with other solutes [39], but independently from the vacancy
component. The results obtained here by TEM regarding the inter-
stitial component of the damage indicate that it is necessary to
take into account the concurrent production and evolution of
vacancies and self-interstitials in the presence of Cu to describe
in a consistent form the changes in the microstructure of these
materials.

4.3. Mn and Ni effect

FeMnNiCu and Fe–0.1Cu alloy have similar copper content and
they can be compared at 0.1 dpa. Both alloys presented a similar
defect density, but there is a clear difference on size distribution
of defects, being narrower and with smaller average size for the al-
loy containing Ni and Mn. Regarding the free copper alloy, FeMnNi,
showed the lowest density among all the alloys. Size distribution is
also narrower than in pure Fe and Fe–Cu alloys, being similar to
FeMnNiCu alloy. These results point to the fact that Ni and Mn
atoms limit loop growth in these alloys, as much narrower size dis-
tribution than in alloys with no Ni or Mn is observed. Hence, TEM
results reflect a possible interaction of Mn and Ni atoms with inter-
stitial point defects or clusters. In the case of Mn, this fact is in
agreement with results from ab initio calculations where Mn shows
a preference to bind to SIAs than to vacancies [39].

From the results presented, it is concluded that as alloy compo-
sition becomes more complex, the size of interstitial clusters ob-
served by TEM decreases compared with pure iron, showing that
the processes undertaken under irradiation by this type of defects
are influenced by material composition. As the size of clusters de-
crease, an important fraction could have a size under TEM resolu-
tion limit that could explain part of the observed decrease in defect
density in FeMnNi alloys.

4.4. RPV steel

Finally, in the RPV steel no defects that could be attributed to
neutron irradiation could be observed by TEM. This result agrees
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with the fact observed on model alloys: as materials become more
complex, defect clusters created by irradiation decrease in size fall-
ing below TEM resolution limit. In addition, it is worth to point out
that the microstructure of real steels is complex, with a high density
of dislocations, martensite lath boundaries and precipitates that
could act as sinks for point defects. Part of the defects created by
neutron irradiation can disappear in such structures before being
able to group and form clusters large enough to be observed by TEM.

5. Conclusions

A study by TEM has been carried out to investigate the effect
produced by neutron irradiation on the microstructure of pure
Fe, Fe0.1Cu, Fe0.3Cu, FeMnNiCu and FeMnNi and an RPV steel.
The main results obtained are:

� Dislocation loops have been observed in all the materials except
in the RPV steel. Density and size of defects increased with
increasing dose up to the highest dose level studied, 0.19 dpa.

� The majority of dislocation loops had Burgers vector type h1 0 0i
and are considered to be interstitial in nature according to pre-
vious studies [21–25].

� Voids have been observed in pure iron at 0.19 dpa and 300 �C.
� Copper addition has a clear effect on size distribution of intersti-

tial clusters, being narrower than in pure iron, and decreasing its
average and maximum size compared to pure iron. This means
that the growth rate of interstitial clusters decreased.

� Copper in pure iron has an influence on Burgers vector type of
dislocation loops, and the percentage of b = 1/2 h1 1 1i loops
increases for Fe–0.3Cu compared to pure iron.

� The addition of Mn and Ni narrows the size distribution and
average size of interstitial clusters, and this fact implies an inter-
action among solute atoms and radiation induced point defects
of interstitial type, leading to a reduction in growth rate of inter-
stitial clusters.

� As materials become more complex, those defects created by the
irradiation are reduced in size falling below TEM resolution. In
the RPV steel studied, the same microstructure was observed
before and after irradiation. No defects were observed that could
be attributed to the neutron irradiation; particularly, no disloca-
tion loops were found. This result is consistent with the system-
atic observation of reduced defect size in model alloys with
solute content.

The results presented constitute a set of experimental data ob-
tained under well-known and well-controlled experimental condi-
tions. It is also a systematic study of damage evolution as a
function of composition. These results provide relevant informa-
tion about the microstructure produced under irradiation by neu-
trons. Mechanisms have been proposed to explain the processes
observed that take place under irradiation of pure iron and model
alloys. In combination with the other techniques employed to
study the same materials by other researchers (TAP and SANS) a
complete picture of the damage generated by neutrons will
emerge. This extensive data will be of fundamental importance
to validate the experimental methods that are being currently
developed to produce a predictive model of irradiation effects in
RPV steels.
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