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Characterization of irradiation induced microstructural evolution is essential for assessing the applica-
bility of structural steels like the Reduced Activation Ferritic/Martensitic steel EUROFER 97 in upcoming
fusion reactors. In this work Transmission Electron Microscopy (TEM) is used to determine the defect mi-
crostructure after different neutron irradiation conditions. In particular dislocation loops, voids and pre-
cipitates are analyzed concerning defect nature, density and size distribution after irradiation to 15 dpa
at 300 °C in the mixed spectrum High Flux Reactor (HFR). New results are combined with previously
obtained data from irradiation in the fast spectrum BOR-60 reactor (15 and 32 dpa, 330 °C), which al-
lows for assessment of dose and dose rate effects on the aforementioned irradiation induced defects and
microstructural characteristics.

© 2016 Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Neutron irradiation deteriorates mechanical properties of struc-
tural materials by both modifying the existing microstructure and
inducing new microstructural defect types. Even though reduced
activation ferritic/martensitic (RAFM) steels like the European vari-
ant EUROFER 97 are especially designed for withstanding the harsh
environment in future fusion reactors, they still suffer from low
temperature hardening and embrittlement which limit their appli-
cation. Therefore characterization of microstructural evolution and
induced defects under irradiation is the key for understanding ir-
radiation effects and correlating subsequent changes in mechanical
properties.

Since irradiation in a fusion like neutron spectrum is not
available at present, different fission reactor irradiation experi-
ments had been performed. Among these neutron irradiations,
the SPICE experiment (300 °C, 15 dpa) [1,2] carried out in the
mixed spectrum High Flux Reactor (HFR) of NRG in Petten, and the
WTZ 01/577 (330 °C, 15 dpa) [3] and ARBOR1 experiment (330 °C,
32 dpa) [4] carried out in the BOR-60 fast reactor of SSC RIAR in
Dimitrovgrad are of great importance for this work (for detailed
specifications of irradiation experiments see next section).
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EUROFER 97 in the unirradiated reference state has been char-
acterized concerning material and mechanical properties [5,6] and
microstructural stability under thermal annealing [7]. Irradiation
influence on microstructure was determined concerning disloca-
tion loops and voids after WTZ 01/577 and ARBOR1 [8] and
after SPICE [9], and precipitates [10] after ARBOR1 irradiation.
Analyses on helium bubbles were performed on boron doped
[11] EUROFER 97 based steels, where boron artificially increased
helium generation to a value comparable to fusion conditions, after
ARBORT1 [12] and SPICE [13] irradiation. The correlation of irradia-
tion defects with change in mechanical properties of EUROFER 97
has been recently assessed [14] making use of appropriate harden-
ing models like the Dispersed Barrier Hardening (DBH) model [15].

In this work, new results on irradiation defects microstructure
are presented. The investigation completes characterizations of dif-
ferent defect types concerning sizes and densities for the differ-
ent irradiation experiments and addresses existing disagreement in
previous publications.

2. Experimental procedure and technique

The basic material used in this work is the RAFM steel EU-
ROFER 97 (rolled plate material, heat 83697) produced by Boh-
ler Austria GmbH with a composition of 8.91 Cr 1.08 W 0.48 Mn
0.20 V 0.14 Ta 0.006 Ti 0.12 C (wt.%, Fe balance) [16]. The mate-
rial was delivered in a normalized (980 °C for 0.5 h) and tempered
(760 °C for 1.5 h) condition. Several types of mechanical testing
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Table 1
Specifications of irradiation experiments. Detailed information can be
found in [1-4].
Experiment SPICE WTZ 01/577  ARBOR1

Irradiation facility HFR Petten ~ BOR-60 BOR-60
Dose (dpa) 15 15 32

Neutron flux 4.0 x 10" 1.8 x 10" 1.8 x 10"
(E>0.1 MeV) (m2s1)

Neutron flux 1.4 % 1018 - -
(Thermal) (m~2s~1)

Irradiation temp. (°C) 300 330 330

specimens were neutron irradiated in the irradiation experiments
SPICE, WTZ 01/577 and ARBOR1: the corresponding irradiation
specifications are shown in Table 1.

TEM samples were manufactured in the Hot Cells at the Fusion
Materials Laboratory (FML) of KIT from undeformed parts of irra-
diated EUROFER 97 impact test specimens with a cross-sectional
area of 3 x 4 mm?2. By using a cutting wheel slices with thick-
nesses of about 150-200 m were prepared and subjected to elec-
trolytic polishing in a solution of 20% H,SO4 + 80% CH30H at room
temperature with a Tenupol-5 jet polisher. Afterwards, in order to
minimize radioactivity and also the influence of the magnetic sam-
ple on the electron beam, discs of only 1 mm in diameter including
the electron-transparent region were punched out. A foldable cop-
per net carried the 1 mm sample and was used for examination in
the TEM.

TEM investigations were performed at 200 kV on a high resolu-
tion FEI Tecnai G2 F20 X-TWIN microscope equipped with a post-
column GIF Tridiem energy filter and located in the Hot Cells at
FML. Prior to each investigation the surface contamination of the
TEM specimens was reduced by applying a plasma cleaning treat-
ment of 10 min with air plasma. In TEM mode, all images were
recorded with the GIF camera and zero-loss filtered with an en-
ergy slit of 15 eV to improve contrast. In scanning TEM (STEM),
nanoprobe mode was used resulting in a probe diameter of ap-
proximately 1.5 nm, and images were processed by a High Angle
Annular Dark-Field (HAADF) detector. Elemental analysis by En-
ergy Dispersive X-ray spectroscopy (EDS) was performed. For de-
fect density evaluation the foil thickness of the investigated regions
was determined by Convergent Beam Electron Diffraction (CBED)
[17,18], and the recorded CBED patterns were analyzed using a Dig-
italMicrograph™ script [19].

3. Results
3.1. Dislocation loops

The weak-beam dark-field (WBDF) technique [20] is used for
imaging dislocation loops. The diffraction conditions, as given in
Table 2, were chosen in such a way that an excitation error sg of
approximately 0.2 nm~! was achieved. This allows for imaging of
small defects down to 1 nm of size, since the diffraction contrast
can be minimized and approaches to the real physical size of the
dislocation loops. Fig. 1 shows a WBDF image of area 2 of SPICE
specimen SPI-1 with diffraction conditions given in the figure cap-
tion. In the image enlargement some dislocation loops are marked
by circles. Due to the invisibility criterion g-b =0 only a fraction
of dislocation loops are visible. Therefore different diffraction con-
ditions are analyzed as shown in Table 2, the table also gives the
invisible loop types for each condition.

Dislocation loop size distributions with a histogram bin size of
1 nm for all three diffraction conditions are presented in Fig. 2.
Analyses for g = {3 — 10} and {200} show comparable dislocation
loop size distributions. A peak around 3 nm is observed, with a

Fig. 1. TEM-WBDF micrograph showing investigated area 2 of sample SPI-1 after
15 dpa at 300°C. The WBDF images are taken near a [011] zone axis with g(3.1g),
g = {2 —11}. The red marked area is shown enlarged to visualize dislocation loops.
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Fig. 2. Dislocation loop size distributions of sample SPI-1 after 15 dpa at 300°C for
different diffraction conditions (see also Table 2).

small amount of larger loops exceeding 8 nm. The analysis for
g = {2 — 11} differs however, since a much higher fraction of small-
est loops below 2 nm is observed. Corresponding densities and
mean diameters of visible dislocation loops are given in Table 2.
Although identification and measurement of smallest loops is more
difficult due to limited TEM resolution, results indicate that in gen-
eral loops of type %(111) are larger in size and less numerous
than loops of type (100) when taking into account the respec-
tively visible loop types. The actual loop densities, despite the par-
tial invisibility, can be estimated by solving a set of linear equa-
tions as proposed in [21]. Results give a dislocation loop density of
Ni100) = 4.9 x 102! m=3 and N%< =1.4x10%" m3, ie. in total

Niot = 6.3 x 1021 m_3.

111)

3.2. Voids

Voids are identified and made visible by performing TEM
bright-field (BF) through-focal series. From under- to overfocus, the
diffraction contrast of voids changes from bright interior to dark,
while the fresnel fringes change contrast vice versa [22]. Fig. 3
shows the void size distribution after 15 dpa at 300°C in SPICE
specimen SPI-1. In the overlay voids can be observed in underfocus
condition with a focus of —1u m. Voids are homogeneously dis-
tributed in the matrix after irradiation, no preferential nucleation
sites are observed. Mean void diameter is 2.3 nm, the void density
is determined as 6.3 x 102! m=3.
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Table 2
Dislocation loop analysis of sample SPI-1 after 15 dpa at 300°C.
Zone axis g Diffraction  Invisible loop  Foil thickness  Density Mean diameter
ZA condition types, b (nm) (m~3) (nm)

Area1  [13-5] (3-10)  g(3.1g) (001) 135 51 x 102 41

Area2  [011] (2-11}  g31g) 1(11-1) 151 58 x 102! 2.8

Area2  [011] (200}  g(31g) (010), (001) 151 2.8 x 102 42
In general TEM is most suitable to visualize smallest mi-
50 crostructural defects down to a size in the range of nanometers.
That is, however, the analysis of smallest defects leads to a very
401 small investigated sample volume and thus limited statistics es-
5 30 pecially when dealing with small defect densities. This problem is
2 even intensified when defects are not homogeneously distributed
2 201 in the sample but located at preferential sites e.g. at grain bound-
aries as in the case of precipitates (see below). Furthermore, de-
101 pending on the operation mode, not all precipitate types are visi-
ble by TEM, e.g. in STEM with HAADF detector small «’ precipitates

Ob are invisible due to the low Z contrast between Cr and Fe.

void diameter (nm)

Fig. 3. Void size distribution of SPICE specimen SPI-1 after 15 dpa at 300°C. TEM BF
underfocused image (—1x m) examplarily shows voids with bright interior contrast.

3.3. Precipitates

Precipitates in SPICE specimen SPI-1 and WTZ 01/577 specimen
WTZ-1 are analyzed by STEM making use of the high Z contrast
of the HAADF detector. The analysis in this section is following the
investigation approach in [10]. Precipitate types are identified by
EDS, and their size is determined by calculating an equivalent pre-
cipitate diameter from their cross-sectional area [23].

In Fig. 4a, a part of the whole investigated area of sample SPI-
1 was analyzed both by EDS and size. Visible precipitates can be
distinguished between Ta and V enriched MX types, and My3Cq
type enriched in both Cr and W. Precipitates which could not
be assigned to the mentioned types are declared as “not clear”.
For the most part, small Ta rich MX and large M,3Cg type pre-
cipitates are observed. Total precipitate size distribution is de-
scribed by two log-normal distributed fitting curves of type f(x) =
A/ (V2o x) exp[—(In(x/d))?/(202)] with separate mean diameter
d, standard deviation o and curve integral A. Fitting values for the
MX (M,3Cg) size distribution are d = 26 (83) nm, o = 0.35 (0.45),
A =438 (5.9). Recalculating the continuous fitting curves into dis-
crete histogram values (see [10]) yield a mean precipitate diameter
of 27 nm for MX and 91 nm for M,3Cg, with a MX number fraction
of 46%. With a mean foil thickness of 151 nm, the total precipitate
density is determined as 7.9 x 10'® m~3. Thus the volume fraction
of visible precipitates after SPICE irradiation in EUROFER 97 can be
estimated to 1.71%.

For the WTZ 01/577 specimen WTZ-1 the analysis of the pre-
cipitate microstructure is performed in the same way, results are
summarized as follows: the mean precipitate diameter is 29 nm
for MX and 99 nm for M,3Cg, with a MX number fraction of 41%,
a total precipitate density of 9.5 x 10'® m~3, and the volume frac-
tion of visible precipitates of 2.89%.

4. Discussion

In this section latest results on microstructural defects from this
work are compared to our previously determined findings from
WTZ 01/577 and ARBOR1 irradiations [8,10]. Fig. 5 shows summa-
rized data, which will be discussed in the following sections for
each defect type in detail including further results from literature.

4.1. Dislocation loops

For an appropriate comparison densities of visible dislocation
loops from [8] were recalculated to total loop densities according
to [21] as described in the previous section. The dislocation loop
density increases with both irradiation dose and dose rate, when
data in Fig. 5a is compared between 15 dpa and 32 dpa in BOR-60,
and 15 dpa in HFR and BOR-60, respectively. The mean loop diam-
eter in Fig. 5b at 15 dpa in HFR and BOR-60 is comparable, while
in BOR-60 an increase is observed from 15 to 32 dpa. The dislo-
cation loop density seems to be more sensitive to the dose rate,
while loop sizes show a higher dependence on irradiation dose.

Further investigations on dislocation loops in EUROFER 97 after
15 dpa at 300 °C in HFR were reported in [9]. Results show a com-
parable loop density of 4 x 102! m~3, the mean diameter, however,
was determined to be 14 nm. It was stated that only loops were
counted that could be clearly identified. In our work and the pre-
vious one [8] loop size distributions are observed differently. Al-
though a small fraction of loops are in the size regime between 10
and 15 nm, the largest fraction is between 1 and 7 nm. Although
the smallest loops are more difficult to indentify, also in our work
only loops were counted which could be recognized as such. For
that reason, the magnification and resolution of the TEM images
was chosen to be high, to observe also the smallest visible loops.

4.2. Voids

The comparison of void densities after different irradiation con-
ditions can be observed in Fig. 5a. It is noteworthy that after
15 dpa in HFR the void density is increased by a factor of 20 when
compared to 15 dpa in BOR-60. The void density even reaches the
value of the dislocation loop density after 15 dpa in HFR. What at
first seems inconclusive, can be explained by considering not only
dose and dose rate properties, but also the amount of helium gas,
which is produced differently under thermal neutrons in HFR and
fast neutron in BOR-60. It was estimated in [24] that after 15 dpa
in HFR 10.2 atomic parts per million (appm) helium is generated in
EUROFER 97 by transmutation of steel matrix elements through in-
teraction with thermal neutrons, while fast neutrons from BOR-60
produce almost no helium. The image contrast of voids and helium
filled cavities in TEM is identical, that means they can not be easily
distinguished. What is well known and for example described in
[25], even small amounts of helium stabilize vacancy clusters and
enhance void nucleation, and therefore can explain a much higher
void density under HFR irradiation.
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Fig. 4. Precipitate size distributions in SPICE specimen SPI-1. a) Histograms of precipitates are analyzed by EDS and evaluated with respect to size. Small Ta rich MX and
large M,3Cs type precipitates are mainly observed. b) For the whole investigated area the precipitate histogram was fitted by two log-normal distributions according to

mainly observed MX and M,3Cs precipitates analog to [10].
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Fig. 5. Summary of microstructural investigations on irradiation defects and comparison for different irradiation conditions from this work and [8,10]. Defect densities are
summarized in a) with dimensions as indicated. Defect sizes are shown in b) and c), the estimated precipitate volume fraction is given in d). Results for voids after 15 dpa
at BOR-60 are less reliable (indicated by the crossed circles) as it is discussed in the respective paragraph.

A comparison of the mean void diameter between 15 and
32 dpa after BOR-60 irradiation indicates a decrease of void size
with dose while at the same time the density increases by a factor
of six. When analyzing the results from [8] more closely, statistics
for voids after 15 dpa in BOR-60 were especially poor with only
31 voids detected in the investigated sample volume. Results for
32 dpa after BOR-60 are more reliable since in this case at least
112 voids were observed and measured. One can assert that even
in the case of defects with a number density of about 1020 m—3
like it is for voids after 15 dpa in BOR-60, statistics of size distri-
butions derived by TEM are very poor, and thus a large volume
of the TEM sample has to be investigated to diminish that draw-
back. It is this poor statistics which apparently leads to the large
error in the mean void diameter determination after 15 dpa in
BOR-60.

Results from Small Angle Neutron Scattering (SANS) experi-
ments on HFR (16 dpa, 250°C) and BOR-60 (32 dpa, 330°C) spec-
imens also indicate a large density of microvoids [26] under HFR
irradiation conditions, with a volume fraction twice as high as for

the BOR-60 sample. Although absolute values differ the tendency is
comparable to present TEM results. Since SANS is a volume analy-
sis technique it eliminates the TEM drawback of a small investiga-
tion volume and aforementioned limited statistics. However, iden-
tification of different irradiation defects is not as straightforward
as in TEM, and is mainly related to the different defect size ranges
and defect specific neutron contrast.

4.3. Precipitates

The comparison of mean precipitate diameters in Fig. 5c¢ for
the given irradiation conditions indicate an increase of defect size
with irradiation for both MX and M,3Cg types. Results on pre-
cipitate densities are not so straightforward as shown in Fig. 5a.
As mentioned before, a low defect density and preferential pre-
cipitation (at least of My3Cg) at grain boundaries in combination
with a large range of precipitate diameters from 9 to 330 nm lead
to poor statistics and highest inaccuracy in determined precipi-
tate densities of all defect types. That can also be observed in the
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large variation of the MX number fraction between 30 and 46 %
in the different investigated samples. Therefore changes in precip-
itate densities have to be regarded rather insignificant, and irradi-
ation is more likely causing the growth of pre-existing precipitates
from the manufacturing process. The assessment of the total vol-
ume fraction of visible precipitates is hence difficult, but Fig. 5d
indicates an increase with irradiation dose rate. Because the steel
matrix is not in a state of equilibrium [27], i.e. precipitation of
solute elements is kinetically hindered, irradiation is expected to
have an influence on the precipitate microstructure. While in this
case irradiation is enhancing precipitation which is thermodynami-
cally predicted as for MX and My3Cg, it can furthermore induce the
formation of new and thermodynamically not expected types of
precipitates.

Atom Probe Tomography (APT) investigations [28] on
EUROFER 97 after BOR-60 irradiation (32 dpa, 330°C) identi-
fied nanometer sized (3 to 4 nm) Cr and Mn rich segregations
with a high volume density of 5 x 1024 m~3. Although they could
not be related to «’, the authors state they could be initial stages
of o’ and other carbides. The impact of these small clusters on
hardening remains unclear, but since the segregations are de-
scribed as diffuse they are not supposed to have a strong influence
when compared to e.g. dislocation loops. Nevertheless, at the
observed high density these segregations may have noticeable
effect on the yield stress as discussed in [29].

Chromium rich o’ precipitates [30] in 9 wt.% chromium EU-
ROFER 97 after neutron irradiation have not been observed by
TEM, e.g. energy-filtered TEM (EFTEM) or EDS, so far [10]. How-
ever, Small Angle Neutron Scattering (SANS) experiments strongly
indicate the precipitation of «’ in Fe-Cr alloys exceeding a Cr con-
centration of about 9 at.% [31]. These conclusions agree with APT
investigations on industrial purity Fe-Cr model alloys with differ-
ent Cr content (2.5, 5, 9, 12 at.%) in [32], where, in addition, irra-
diation induced nanometer sized NiSiPCr-enriched clusters formed
from impurity elements were detected in all alloys. Due to their
high density, a theoretical estimation in [33] of their hardening po-
tential compared to dislocation loops and «’ precipitates for a Fe-
9Cr model alloy revealed the largest contribution to the yield stress
increase by these, invisible for TEM, NiSiPCr-enriched clusters.

5. Conclusions

In this work an investigation has been performed of dose and
dose rate effects on irradiation induced defects and irradiation en-
hanced microstructural evolution in EUROFER 97 after neutron ir-
radiation in HFR and BOR-60. The nature of defects and their size
distributions have been determined by means of TEM and a com-
parison of results from irradiation programs SPICE, WTZ 01/577
and ARBOR1 were presented. The following conclusions can be
drawn.

o Dislocation loops of type (100) are observed more frequently
than type %(111) after HFR irradiation. Loop density steadily
increases with dose and dose rate, mean loop size increases
mainly with dose.

e Voids show a homogeneous spatial distribution after HFR and

BOR-60 irradiation in the temperature range between 300 and

330°C. A high volume fraction of voids is observed after mixed

spectrum HFR irradiation, which can be related to stabilizing ef-
fects of simultaneous helium gas production on void nucleation.

Precipitates of types MX and M,3Cg are observed by TEM in

EUROFER 97, which show a clear growth with dose due to

neutron irradiation. The precipitate volume fraction increases,

while possible chromium rich «’ precipitates have not been ob-
served by TEM so far.

The comparison of different TEM investigations on irradiation
defects made it obvious that results have to be assessed very care-
fully to avoid misleading interpretation of data especially for de-
fects with low number density.

Further TEM investigations will focus on identification of possi-
ble o’ precipitates. Irradiation induced segregation will further be
addressed.

Acknowledgments

R. Rolli and his work group of the Fusion Materials Laboratory
of KIT is acknowledged for support, handling and cutting of active
impact specimens in the Hot Cells.

This work has been carried out within the framework of the
EUROfusion Consortium and has received funding from the Eu-
ratom research and training programme 2014-2018 under grant
agreement No 633053. The views and opinions expressed herein
do not necessarily reflect those of the European Commission.

References

[1] E. Gaganidze, B. Dafferner, H. Ries, R. Rolli, H.C. Schneider, J. Aktaa, FZKA 7371
(2008).

[2] E. Materna-Morris, A. Mdslang, R. Rolli, H.-C. Schneider, ]J. Nuclear Mater.
386-388 (2009) 422-425.

[3] C. Petersen, J. Aktaa, E. Diegele, E. Gaganidze, R. Ldsser, E. Lucon, E. Materna-
Morris, A. Moslang, A. Povstyanko, V. Prokhorov, ]. Rensman, B. van der Schaaf,
H.-C. Schneider, in: 21st IAEA Fusion Energy Conference, Chengdu, China, Oc-
tober 16-21, FT/1-4Ra, 2006.

[4] C. Petersen, V. Shamardin, A. Fedoseev, G. Shimansky, V. Efimov, ].W. Rensman,
J. Nuclear Mater. 307-311 (2002) 1655-1659.

[5] R. Lindau, M. Schirra, Fusion Engineering and Design 58-59 (2001) 781-785.

[6] M. Rieth, M. Schirra, A. Falkenstein, P. Graf, S. Heger, H. Kemp, R. Lindau,
H. Zimmermann, FZKA 6911 (2003) 1-83.

[7] P. Fernindez, M. Garcia-Mazario, A.M. Lancha, ]. Lapeifia, ]J. Nuclear Mater.
329-333 (2004) 273-277.

[8] O.J. WeiR, E. Gaganidze, J. Aktaa, J. Nuclear Mater. 426 (2012) 52-58.

[9] M. Klimenkov, E. Materna-Morris, A. Moslang, ]. Nuclear Mater. 417 (2011)
124-126.

[10] C. Dethloff, E. Gaganidze, ]. Aktaa, ]. Nuclear Mater. 454 (2014) 323-331.

[11] E. Materna-Morris, M. Klimenkov, A. Moslang, Mater. Sci. Forum 730-732
(2013) 877-882.

[12] E. Gaganidze, C. Dethloff, O.J. WeiR, V. Svetukhin, M. Tikhonchev, J. Aktaa, J.
ASTM Int. 25 (2012) 123-142.

[13] M. Klimenkov, A. Moslang, E. Materna-Morris, H.-C. Schneider, ]J. Nuclear
Mater. 442 (2013) S52-S57.

[14] E. Gaganidze, J. Aktaa, Fusion Eng. Des. 88 (2013) 118-128.

[15] G.E. Lucas, J. Nuclear Mater. 206 (2-3) (1993) 287-305.

[16] E. Gaganidze, H.-C. Schneider, B. Dafferner, J. Aktaa, J. Nuclear Mater. 355 (1-3)
(2006) 83-88.

[17] P.M. Kelly, A. Jostsons, R.G. Blake, ].G. Napier, Phys. Status Solidi (a) 31 (1975)
771-780.

[18] S.M. Allen, Philosop. Mag. A 43 (2) (1981) 325-335.

[19] V. Hou, Micro. Microanal. 10 (2) (2004) 1380-1381.

[20] DJH. Cockayne, LLF. Ray, M.. Whelan, Philosop. Mag. 20 (168) (1969)
1265-1270.

[21] A. Prokhodtseva, B. Décamps, A. Ramar, R. Schdublin, Acta Mater. 61 (18)
(2013) 6958-6971.

[22] M.L. Jenkins, J. Nuclear Mater. 216 (1994) 124-156.

[23] Y. Qin, G. Gotz, W. Blum, Z.G. Zhu, ]. Alloys Compounds 352 (2003) 260-264.

[24] C. Dethloff, E. Gaganidze, V.V. Svetukhin, ]. Aktaa, ]. Nuclear Mater. 426 (2012)
287-297.

[25] SJ. Zinkle, W.G. Wolfer, G.L. Kulcinski, L.E. Seitzman, Philosop. Mag. A 55 (1)
(1987) 127-140.

[26] R. Coppola, E. Gaganidze, M. Klimenkov, C. Dethloff, R. Lindau, M. Valli, J. Ak-
taa, A. Moslang, Nuclear Mater. Energy (2015). (to be published). 17th Inter-
national Conference on Fusion Reactor Materials, Aachen, Germany, October,
http://www.sciencedirect.com/science/article/pii/S2352179115300909.

[27] R.L. Klueh, K. Shiba, M.A. Sokolov, J. Nuclear Mater. 377 (3) (2008) 427-437.

[28] S.V. Rogozhkin, A.A. Nikitin, A.A. Aleev, A.B. Germanov, A.G. Zaluzhnyi, Inor-
ganic Mater. 4 (2) (2013) 112-118.

[29] D. Terentyev, B. Minov, D. Song, H. Duan, M. Konstantinovic, Nuclear Mater. En-
ergy (2015).(to be published), 17th International Conference on Fusion Reactor
Materials

[30] L. Malerba, A. Caro, ]. Wallenius, J. Nuclear Mater. 382 (2008) 112-125.

[31] E Bergner, A. Ulbricht, C. Heintze, Scripta Mater. 61 (11) (2009) 1060-1063.

[32] V. Kuksenko, C. Pareige, P. Pareige, ]. Nuclear Mater. 432 (2013) 160-165.

[33] E Bergner, C. Pareige, M. Hernandez-Mayoral, L. Malerba, C. Heintze, ]. Nuclear
Mater. 448 (2014) 96-102.

Please cite this article as: C. Dethloff et al., Microstructural defects in EUROFER 97 after different neutron irradiation conditions, Nuclear
Materials and Energy (2016), http://dx.doi.org/10.1016/j.nme.2016.05.009



http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0001
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0001
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0001
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0001
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0001
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0001
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0001
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0002
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0002
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0002
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0002
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0002
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0003
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0003
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0003
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0003
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0003
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0003
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0003
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0003
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0003
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0003
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0003
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0003
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0003
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0003
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0004
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0004
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0004
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0004
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0004
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0004
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0004
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0005
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0005
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0005
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0006
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0006
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0006
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0006
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0006
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0006
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0006
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0006
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0006
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0007
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0007
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0007
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0007
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0007
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0008
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0008
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0008
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0008
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0009
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0009
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0009
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0009
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0010
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0010
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0010
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0010
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0011
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0011
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0011
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0011
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0012
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0012
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0012
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0012
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0012
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0012
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0012
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0013
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0013
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0013
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0013
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0013
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0014
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0014
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0014
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0015
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0015
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0016
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0016
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0016
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0016
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0016
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0017
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0017
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0017
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0017
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0017
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0018
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0018
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0019
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0019
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0020
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0020
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0020
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0020
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0021
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0021
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0021
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0021
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0021
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0022
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0022
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0023
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0023
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0023
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0023
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0023
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0024
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0024
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0024
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0024
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0024
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0025
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0025
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0025
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0025
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0025
http://www.sciencedirect.com/science/article/pii/S2352179115300909
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0027
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0027
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0027
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0027
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0028
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0028
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0028
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0028
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0028
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0028
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0029
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0029
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0029
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0029
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0029
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0029
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0029
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0030
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0030
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0030
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0030
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0031
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0031
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0031
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0031
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0032
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0032
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0032
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0032
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0033
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0033
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0033
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0033
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0033
http://refhub.elsevier.com/S2352-1791(15)30050-8/sbref0033
http://dx.doi.org/10.1016/j.nme.2016.05.009

	Microstructural defects in EUROFER97 after different neutron irradiation conditions
	1 Introduction
	2 Experimental procedure and technique
	3 Results
	3.1 Dislocation loops
	3.2 Voids
	3.3 Precipitates

	4 Discussion
	4.1 Dislocation loops
	4.2 Voids
	4.3 Precipitates

	5 Conclusions
	 Acknowledgments
	 References


