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Microstructural defects in EUROFER 97 after different neutron irradiation conditions
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Abstract

Characterization of irradiation induced microstructural defects is essential for assessing the applicability 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 microstructure after different neutron irradiation conditions. In particular dislo-
cation loops, voids and precipitates 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 allows for assessment of dose and dose rate effects on the
aforementioned irradiation induced defects.
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1. Introduction

Neutron irradiation induced microstructural defects deterio-
rate mechanical properties of structural materials. Even though
reduced activation ferritic/martensitic (RAFM) steels like the
European variant EUROFER 97 are especially designed for
withstanding the harsh environment in future fusion reactors,
they still suffer from low temperature hardening and embrit-
tlement which limit their application. Therefore microstruc-
tural characterization of irradiation induced defects is the key
for understanding irradiation 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 exper-
iments 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 experi-
ment (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).

EUROFER 97 in the unirradiated reference state has been
characterized concerning material and mechanical properties
[5, 6] and microstructural stability under thermal annealing [7].
Irradiation influence on microstructure was determined con-
cerning dislocation loops and voids after WTZ 01/577 and AR-
BOR1 [8] and after SPICE [9], and precipitates [10] after AR-
BOR1 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
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to fusion conditions, after ARBOR1 [12] and SPICE [13] irra-
diation. The correlation of irradiation defects with change in
mechanical properties of EUROFER 97 has been recently as-
sessed [14] making use of appropriate hardening models like
the Dispersed Barrier Hardening (DBH) model [15].

In this work, new results on irradiation defects microstruc-
ture are presented. The investigation completes characteriza-
tions of different defect types concerning sizes and densities for
the different irradiation experiments and addresses existing dis-
agreement in previous publications.

2. Experimental procedure and technique

The basic material used in this work is the RAFM steel
EUROFER 97 (rolled plate material, heat 83697) produced by
Böhler 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 material was delivered in a normalized (980 ◦C for 0.5 h)
and tempered (760 ◦C for 1.5 h) condition. Several types of me-
chanical testing specimens were neutron irradiated in the irra-
diation experiments SPICE, WTZ 01/577 and ARBOR1: the
corresponding irradiation specifications are shown in Tab. 1.

TEM samples were manufactured in the Hot Cells at the
Fusion Materials Laboratory (FML) of KIT from undeformed
parts of irradiated EUROFER 97 impact test specimens with a
cross-sectional area of 3 × 4 mm2. By using a cutting wheel
slices with thicknesses of about 150-200µm were prepared
and subjected to electrolytic polishing in a solution of 20%
H2SO4 + 80% CH3OH at room temperature with a Tenupol-
5 jet polisher. Afterwards, in order to minimize radioactivity
and also the influence of the magnetic sample on the electron
beam, discs of only 1 mm in diameter including the electron-
transparent region were punched out. A foldable copper net
carried the 1 mm sample and was used for examination in the
TEM.
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Table 1: Specifications of irradiation experiments. Detailed information can be
found in [1, 2, 3, 4].

experiment SPICE WTZ 01/577 ARBOR1

irradiation facility HFR Petten BOR-60 BOR-60

dose (dpa) 15 15 32

neutron flux 4.0 × 1018 1.8 × 1019 1.8 × 1019

(E>0.1 MeV) (m−2s−1)

neutron flux 1.4 × 1018 – –

(thermal) (m−2s−1)

irradiation temp. (◦C) 300 330 330

TEM investigations were performed at 200 kV on a high
resolution 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 apply-
ing a plasma cleaning treatment of 10 min with air plasma. In
TEM mode, all images were recorded with the GIF camera and
zero-loss filtered with an energy slit of 15 eV to improve con-
trast. In scanning TEM (STEM), nanoprobe mode was used
resulting in a probe diameter of approximately 1.5 nm, and
images were processed by a High Angle Annular Dark-Field
(HAADF) detector. Elemental analysis by Energy Dispersive
X-ray spectroscopy (EDX) was performed. For defect den-
sity 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 DigitalMicrographTM 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 Tab. 2, were chosen in such a way that an excitation er-
ror sg of approximately 0.2 nm−1 was achieved. This allows for
imaging of small defects down to 1 nm of size, since the diffrac-
tion contrast can be minimized and approaches to the real phys-
ical 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 caption. In the image enlargement some dis-
location loops are marked by circles. Due to the invisibility
criterion g · b = 0 only a fraction of dislocation loops are vis-
ible. Therefore different diffraction conditions are analyzed as
shown in Tab. 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 alle three diffraction conditions are presented in
Fig. 2. Analyses for g = {3-10} and {200} show compara-
ble dislocation loop size distributions. A peak around 3 nm
is observed, with a small amount of larger loops exceeding
8 nm. The analysis for g = {2-11} differs however, since a
much higher fraction of smallest loops below 2 nm is observed.

Figure 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.

Corresponding densities and mean diameters of visible dislo-
cation loops are given in Tab. 2. Although identification and
measurement of smallest loops is more difficult due to limited
TEM resolution, results indicate that in general loops of type
1
2 〈111〉 are larger in size and less numerous than loops of type
〈100〉 when taking into account the respectively visible loop
types. The actual loop densities, despite the partial invisibil-
ity, can be estimated by solving a set of linear equations as
proposed in [21]. Results give a dislocation loop density of
N〈100〉 = 4.9 × 1021 m−3 and N 1

2 〈111〉 = 1.4 × 1021 m−3, i.e. in
total Ntot = 6.3 × 1021 m−3.

3.2. Voids
Voids are identified and made visible by performing TEM

bright-field (BF) through-focal series. From under- to overfo-

Figure 2: Dislocation loop size distributions of sample SPI-1 after 15 dpa at
300◦C for different diffraction conditions (see also Tab. 2).
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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)

area 1 [13-5] {3-10} g(3.1g) 〈001〉 135 5.1 × 1021 4.1

area 2 [011] {2-11} g(3.1g) 1
2 〈11-1〉 151 5.8 × 1021 2.8

area 2 [011] {200} g(3.1g) 〈010〉, 〈001〉 151 2.8 × 1021 4.2

Figure 3: Void size distributions of sample SPI-1 after 15 dpa at 300◦C. TEM
BF underfocused image (-1 µm) examplarily shows voids with bright interior
contrast.

cus, the diffraction contrast of voids changes from bright in-
terior 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 sample SPI-1. In the overlay voids can be observed
in underfocus condition with a focus of -1 µm. Voids are ho-
mogeneously distributed in the matrix after irradiation, no pref-
erential nucleation sites are observed. Mean void diameter is
2.3 nm, the void density is determined as 6.3 × 1021 m−3.

3.3. Precipitates
Precipitates in sample SPI-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 EDX, and their size is deter-
mined by calculating an equivalent precipitate 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 EDX and size. Precipitates can be
distinguished between Ta and V enriched MX types, and M23C6
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 M23C6 type
precipitates are observed. Total precipitate size distribution is
described by two log-normal distributed fitting curves of type
f (x) = A/(

√
2πσx) exp[−(ln(x/d))2/(2σ2)] with separate mean

diameter d, standard deviation σ and curve integral A. Fitting
values for the MX (M23C6) size distribution are d = 26 (83) nm,
σ = 0.35 (0.45), A = 4.8 (5.9). Recalculating the continu-
ous fitting curves into discrete histogram values (see [10]) yield

a mean precipitate diameter of 27 nm for MX and 91 nm for
M23C6, with a MX number fraction of 46%. With a mean foil
thickness of 151 nm, the total precipitate density is determined
as 7.9 × 1019 m−3. Thus the precipitate volume fraction after
SPICE irradiation in EUROFER 97 can be estimated to 1.08%.

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 irradiation [8, 10]. Fig. 5
shows summarized data, which will be discussed in the fol-
lowing sections for each defect type in detail including further
results from literature.

In general TEM is most suitable to visualize smallest mi-
crostructural defects down to a size in the range of nanometers.
That is, however, the analysis of smallest defects leads to a very
small investigated sample volume and thus limited statistics es-
pecially when dealing with small defect densities. This prob-
lem is even intensified when defects are not homogeneously
distributed in the sample but located at preferential sites e.g. at
grain boundaries as in the case of precipitates (see below).

4.1. Dislocation loops

For a appropriate comparison densities of visible dislocation
loops from [8] were recalculated to total loop densities accord-
ing 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 diameter 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 dislocation loop density seems to be more sensi-
tive 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 comparable loop density of 4 × 1021 m−3, the mean di-
ameter, 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 previous one [8] loop size distributions are
observed differently. Although 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 dif-
ficult to indentify, also in our work only loops were counted
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a) b)

Figure 4: Precipitate size distributions in sample SPI-1. a) Histograms of precipitates are analyzed by EDX and evaluated with respect to size. Small Ta rich MX and
large M23C6 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 M23C6 precipitates analog to [10].

which could be recognized as such. For that reason, the mag-
nification 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
conditions can be observed in Fig. 5a. It is noteworthy that af-
ter 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 ther-
mal neutrons in HFR and fast neutron in BOR-60. It was esti-
mated in [24] that after 15 dpa in HFR 10.2 atomic parts per
million (appm) helium is generated in EUROFER 97 by trans-
mutation of steel matrix elements through interaction with ther-
mal neutrons, while fast neutrons from BOR-60 produce almost
no helium. The image contrast of voids and helium filled cavi-
ties in TEM is identical, that means they can not be easily dis-
tinguished. 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.

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 after BOR-60,
statistics of size distributions derived by TEM are very poor,
and thus a large volume of the TEM sample has to be investi-
gated to diminish that drawback. 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) exper-
iments on HFR (16 dpa, 250◦C) and BOR-60 (32 dpa, 330◦C)
specimens also indicate a large density of microvoids [26] un-
der HFR irradiation conditions, with a volume fraction twice as
high as for the BOR-60 sample. Although absolute values dif-
fer the tendency is comparable to present TEM results. Since
SANS is a volume analysis technique it eliminates the TEM
drawback of a small investigation volume and aforementioned
limited statistics. However, identification of different irradia-
tion 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 a clear increase of de-
fect size with dose for both MX and M23C6 types. Note that
the investigation after irradiation to 15 dpa at BOR-60 is not yet
completed. Results on precipitate densities are not so straigh-
forward as shown in Fig. 5a. As mentioned before, a low de-
fect density and preferential precipitation (at least of M23C6)
at grain boundaries in combination with a large range of pre-
cipitate diameters from 9 to 330 nm lead to poor statistics and
highest inaccuracy in determined precipitate densities of all de-
fect types. That can also be observed in the large variation of
the MX number fraction between 30 and 46 % in the different
investigated samples. Therefore changes in precipitate densi-
ties have to be regarded rather insignificant, and irradiation is
more likely causing the growth of pre-existing precipitates from
the manufacturing process. The estimation of the total precipi-
tate volume fraction shows an increase with irradiation dose as
shown in Fig. 5d. Irradiation induced precipitation is expected
by thermodynamics, because the steel matrix is not in a state
of equilibrium [27], precipitation is kinetically hindered. How-
ever, it remains unclear if chromium rich α′ precipitates [28]
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Figure 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). Note that
the investigation on precipitates for 15 dpa in BOR-60 is still in progress. 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.

can form in 9 wt.% chromium EUROFER 97 after neutron irra-
diation, since they have not been observed by TEM so far.

Atom Probe Tomography (APT) investigations [29] on EU-
ROFER 97 after BOR-60 irradiation (32 dpa, 330◦C) identified
nanometer sized (3 to 4 nm) Cr and Mn rich segregations with
a high volume density of 5 × 1024 m−3. Although they could
not be related to α′, the authors state they could be initial stages
of α′ and other carbides. The impact of these small clusters
on hardening remains unclear, but since the segregations are
described as diffuse they are not supposed to have a strong in-
fluence when compared to e.g. dislocation loops. Nevertheless,
at the observed high density these segregations may have noti-
cable effect on the yield stress as discussed in [30].

5. Conclusions

In this work an investigation has been performed of dose and
dose rate effects on irradiation induced defects in EUROFER 97
after neutron irradiation in HFR and BOR-60. The nature of
defects and their size distributions have been determined by
means of TEM and a comparison of results from irradiation

programs SPICE, WTZ 01/577 and ARBOR1 were presented.
The following conclusions can be drawn.

• Dislocation loops of type 〈100〉 are observed more frequently
than type 1

2 〈111〉 after HFR irradiation. Loop density steadily
increases with dose and dose rate, mean loop size increases
mainly with dose.

• 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 effects of simultaneous helium gas production
on void nucleation.

• Precipitates of types MX and M23C6 are observed in EURO-
FER 97, which show a clear growth with dose due to neu-
tron irradiation. The precipitate volume fraction steadily in-
creases, while possible chromium rich α′ precipitates have
not been observed by TEM so far.

The comparison of different TEM investigations on irradiation
defects made it obvious that results have to be assessed very
carefully to avoid misleading interpretation of data especially
for defects with low number density.
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Further TEM investigations will focus on dose rate effects
on the precipitate microstructure and identification of possible
α′ precipitates. Irradiation induced segregation will further be
addressed.
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E. Materna-Morris, A. Möslang, A. Povstyanko, V. Prokhorov, J. Rens-
man, B. van der Schaaf, H.-C. Schneider, 21st IAEA Fusion Energy
Conf., Chengdu, China, October 16-21, FT/1-4Ra (2006).

[4] C. Petersen, V. Shamardin, A. Fedoseev, G. Shimansky, V. Efimov, J. W.
Rensman, Journal of Nuclear Materials 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. Lin-
dau, H. Zimmermann, FZKA 6911 (2003) 1–83.

[7] P. Fernández, M. Garca-Mazarı́o, A. M. Lancha, J. Lapeña, Journal of
Nuclear Materials 329–333 (2004) 273–277.

[8] O. J. Weiß, E. Gaganidze, J. Aktaa, Journal of Nuclear Materials 426
(2012) 52–58.

[9] M. Klimenkov, E. Materna-Morris, A. Möslang, Journal of Nuclear Ma-
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