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Abstract 
 
 EUROFER is a 9Cr-1W-0.2V-0.1Ta reduced activation ferritic/martensitic (RAFM) 
steel, presently considered within the European Union as the primary candidate structural 
material in a fusion power plant. Its mechanical strength properties currently prevent its use at 
temperatures higher than 500-550 °C. In an effort to extend the range of operating temperatures 
to 600-650 °C and therefore enhance the efficiency of the machine, a different production route, 
Oxide Dispersion Strengthening (ODS), is being investigated. The characteristics of different 
versions of EUROFER ODS have been assessed in recent years, leading to the improvement of 
the material by a combination of optimized production process and post-HIPping thermal 
treatment. Until recently, the mechanical properties of EUROFER ODS had only been 
investigated in the unirradiated condition, and no information was available for the irradiation 
response of the material. However, mechanical samples have been irradiated during 2004-2005 
at 300 °C in the Belgian Reactor 2 (BR2) in Mol up to an accumulated dose of 1.73 ± 0.07 dpa; 
tensile, Charpy impact and fracture toughness tests have been performed in the hot cell 
laboratories of the Belgian Nuclear Centre (SCK•CEN). Metallographic and microstructural 
investigations have also been performed on the investigated material in both the unirradiated and 
irradiated condition. The results obtained allow quantitatively assessing the degration of 
mechanical properties induced by neutron irradiation. Comparisons are also presented with 
similar results obtained from base (non-ODS) EUROFER, previously irradiated in BR2 under 
comparable conditions (temperature and dose). 
 
 
 
Keywords 
 
EUROFER, ODS, mechanical properties, neutron irradiation, metallography, microstructural 
investigations. 
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1 Introduction 
 
 Within the European Union, the two main breeding blanket concepts are the helium-
cooled pebble bed (HCPB) and the helium-cooled lithium lead (HCLL) blankets. In both cases, 
operating temperatures range from 250 to 550 °C for the conservative approach based on 
reduced activation ferritic/martensitic (RAFM) steels and from 250 to 650 °C for the more 
advanced approach which considers oxide-dispersion strengthened (ODS) steels. 
 The European reference RAFM steel is denominated EUROFER (or EUROFER97); its 
nominal composition is 8.9Cr, 1.1W, 0.2V, 0.14Ta, 0.42Mn, 0.06 Si, 0.11 C and Fe for the 
balance [1]. This steel was chosen for the production of two variants of ODS steels with different 
Y2O3 contents (0.3% and 0.5%), which should allow a substantial increase of about 100 °C for 
the operating temperature. Activation calculations showed that addition of yttria would not 
impair long-term activation properties. 
 
 Early versions of EUROFER ODS were manufactured by inert gas atomisation of 
EUROFER by STARCK, followed by mechanical alloying in industrial ball mills of attritor type 
by PLANSEE. Hot Isostatic Pressing (HIP) was used as consolidation process for the production 
of four bars of each heat, 60 mm in diameter and 300 mm in length [2]. 
 Part of this material was made available to several European labs for testing [3]. 
Characterization tests showed, in comparison with standard EUROFER, a considerable increase 
(~35%) in tensile properties and a higher creep strength [3,4]. On the other hand, impact 
properties were particularly disappointing with respect to standard EUROFER: ductile-to-brittle 
transition temperature (DBTT) values more than 150 °C higher, Upper Shelf Energy (USE) 
reduced by almost 50% [5,6]. This material was denominated "1st generation" ODS. 
 
 In order to overcome the problems related to ductility and impact toughness, two groups 
at CEA and CRPP tried to optimise the fabrication route of ODS-EUROFER (with 0.3% yttria). 
CEA produced ODS material in a more conventional manner by mechanical alloying and 
hipping, with special emphasis on the influence of the initial powders and the hipping 
parameters. CRPP produced mechanically alloyed powder in an attritor mill, which was 
consolidated in two steps by hot compaction and a subsequent hipping process without canning. 
  However, in both cases the performance at low temperature was not satisfactory; 
additional research was required in order to optimise the ODS composition and/or the fabrication 
parameters. The main issues were the low fracture toughness properties and the relatively high 
DBTT [7].  
 
 Subsequent developments concentrated on more advanced blanket concepts, such as 
HCLL, consisting of a EUROFER structure with SiCf/SiC flow channel inserts in the self-cooled 
Pb-17Li breeding zone, which serve as thermal and electrical insulators, and a first wall which is 
plated with a 2-3 mm thick ODS-layer to withstand the high thermal and mechanical loads [8]. 
Within this framework, a sheet of ODS-EUROFER steel was produced in cooperation between 
FZK and PLANSEE; the production route included compaction of the mechanically alloyed steel 
powder by HIP, using 0.3% Y2O3, followed by hot rolling using a cross-rolling technique, which 
was intended to provide homogeneous in-plane properties. Different thermo-mechanical 
treatments were applied to study their effect on mechanical properties. This material (which we 
will herein denominate "2nd generation ODS") is the object of the post-irradiation activities 
described in the present report. 
  



BLG-1028 – Page 4 

 

 More recently, a new batch of EUROFER ODS, provisionally denominated "EU batch", 
was produced by PLANSEE in the form of two hot-rolled plates with thickness 6 and 20 mm 
(heat HP 1115) and two extruded rods with diameter 12.5 and 20 mm (heat HR 1116).  
 The characterization of the mechanical properties of the "EU batch" (tensile, impact, 
fracture toughness and creep) in the unirradiated condition by several European laboratories is 
currently in progress in the framework of the 2005 programme of the EFDA Long-Term task 
TTMS-006 (Structural Materials – High Performance Steels). Results from tensile and fracture 
toughness tests performed by SCK•CEN are already available [9]. 
 Samples from the "EU batch" will also be irradiated in BR2 at 300 °C in 2006-2007 up to 
a target dose of 2 dpa in the framework of the experiment IRFUMA-5M. 
 

2 Material and experimental 
 
 A plate of the "2nd generation" EUROFER ODS, with approximate dimensions 150 mm × 
100 mm × 6 mm, was shipped to SCK•CEN from FZK Karlsruhe in the spring of 2004. Its 
specific post-fabrication heat treatment consisted in: normalization at 1100 °C for 30' followed 
by water quenching and air cooling + tempering at 750 °C in order to obtain a tempered 
martensitic structure. Its chemical composition is given in Annex 1. 
 Basic mechanical characterization of this material, carried out by FZK, showed [1,10]: 
- tensile and creep strength comparable to the "first generation" ODS; 
- total and uniform elongation significantly increased at higher temperatures and generally 

equal or even higher than the standard EUROFER in the range RT-700 °C; 
- remarkable improvements in the impact behaviour, with DBTT values in the range -80 °C to 

-40 °C and upper shelf energy increased by about 40% with respect to the "1st generation" 
material (Figure 1). 

 

 
Figure 1 - Impact test results obtained from standard EUROFER and ODS materials ("1st generation" and 
"2nd generation"); results obtained by ENEA on the commercially available ODS alloy PM2000 are also 
included [1]. 
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 Nine tensile and twenty-four KLST-type Charpy specimens were extracted from the plate 
in L and L-T direction respectively, where L represents the last rolling direction. Annex 2 
provides the cutting scheme, which also includes corrosion samples for Slow-Strain Rate Tests 
(SSRT) to be performed within a different project. 
 The drawing of the sub-size tensile specimen used is shown in Figure 2; for the KLST 
samples, the usual geometry has been used (thickness = 3 mm, width = 4 mm, notch depth = 1 
mm and length = 27 mm). 
 

 
Figure 2 - Sub-size tensile specimen used for the characterization of the "2nd generation" ODS. 

 
 
 The samples were irradiated at 300 ± 5 °C during 7 cycles of the BR2 reactor in Mol, in 
the framework of the IRFUMA-IV experiment; the detailed irradiation report can be found in 
[11]. The irradiation rig was instrumented with activation dosimeters; the results of the 
dosimetry measurements (fast fluence and doses) for all samples and for each individual 
specimen group are given in Table 1. 
 

Table 1 - Dosimetry measurements for the IRFUMA-IV experiment. 

Specimen 
type 

Fast fluence 
(n/cm², E > 1 MeV) 

Dose 
(dpa) 

Tensile 11.23 × 1020 ± 5.8% 1.68 ± 5.8% 
KLST Charpy 11.73 × 1020 ± 2.6% 1.76 ± 5.8% 

Precracked KLST 11.66 × 1020 ± 2.8% 1.75 ± 2.8% 
All 11.56 × 1020 ± 4.1% 1.73 ± 4.1% 

 
 

3 Mechanical test results 

3.1 Tensile tests 
 
 Tensile tests have been performed in the temperature range -150 °C to 300 °C using a 
quasi-static strain rate of 3 × 10-4 s-1, in accordance with the ASTM E8M-04 and E21-05 
standards. No extensometer has been used; specimen elongation has been inferred from machine 
crosshead displacement. 
 Test results are given in Table 2 and illustrated in Figure 3 to Figure 7; comparisons are 
presented with unirradiated data from FZK [12] and results obtained from base EUROFER 
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unirradiated [13] and irradiated in the IRFUMA-II and III experiments up to an average dose of 
1.80 dpa [13]. 
 
 

Table 2 - Tensile results obtained from EUROFER ODS irradiated (IRFUMA-IV). 

Specimen 
ID 

T 
(°C) 

σy 
(MPa) 

σUTS 
(MPa) 

εu 
(%) 

εt 
(%) 

Z 
(%) 

ODS-T4 -150 1639 1640 0.26 9.8 51.7
ODS-T8 -75 1392 1393 0.29 10.5 54.4
ODS-T1 -75 1394 1395 0.27 10.1 55.7
ODS-T9 25 1262 1263 0.27 10.7 64.0
ODS-T2 25 1289 1291 0.30 10.8 62.2
ODS-T6 150 1183 1183 0.24 10.1 61.6
ODS-T3 150 1190 1190 0.25 9.5 56.6
ODS-T5 300 1101 1101 0.25 9.3 55.5
ODS-T7 300 1103 1103 0.24 9.7 58.7

 
LEGEND –  σy = yield strength; σUTS = ultimate tensile strength; εu = uniform elongation; 

εt = total elongation; Z = reduction of area. 
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Figure 3 - Yield strength values measured on the irradiated EUROFER ODS and comparisons with 
unirradiated ODS and base EUROFER (unirradiated and irradiated). 
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Figure 4 - Tensile strength values measured on the irradiated EUROFER ODS and comparisons with 
unirradiated ODS and base EUROFER (unirradiated and irradiated). 
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Figure 5 – Uniform elongation values measured on the irradiated EUROFER ODS and comparisons with 
unirradiated ODS and base EUROFER (unirradiated and irradiated). 
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Figure 6 – Total elongation values measured on the irradiated EUROFER ODS and comparisons with 
unirradiated ODS and base EUROFER (unirradiated and irradiated). 
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Figure 7 – Reduction of area values measured on the irradiated EUROFER ODS and comparisons with base 
EUROFER (unirradiated and irradiated). FZK did not report reduction of area values for the unirradiated 
ODS. 
 
 Considerable hardening has been observed with respect to the unirradiated condition: at 
room temperature, the irradiation-induced increase of tensile properties is 45% for the yield 
strength and 26% for the tensile strength; compared to the properties of irradiated base 
EUROFER, both yield and tensile strength are 44% higher. It is interesting to note that the 
tensile properties of the unirradiated ODS material are similar to or slightly higher than those of 
base EUROFER irradiated to 1.80 dpa (Figure 3 and Figure 4).  
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 Concerning ductility, uniform and total elongation show a consistent decrease after 
irradiation (from 4.6% to 0.28% and from 22% to 11%, respectively); similar differences are 
observed with respect to the base EUROFER irradiated under similar conditions. Measured 
values of reduction of area are 12% lower than for irradiated base EUROFER; this parameter 
was not measured by FZK in the unirradiated condition. 
 In the unirradiated condition, ODS is much stronger than base EUROFER (RT yield is 
58% higher and UTS is 34% higher) and its ductility is roughly equivalent. 

 

3.2 Charpy impact tests 
 
 Of the twenty-four irradiated KLST specimens, ten were selected for impact tests and 
tested at 3.85 m/s between -80 and 300 °C in order to obtain the transition curves for absorbed 
energy (KV) and shear fracture appearance (SFA). An instrumented pendulum with 25 J capacity 
was used. 
 Test results are given in Table 3, Figure 8 and Figure 9. The figures compare obtained 
results with data from EUROFER unirradiated and irradiated [13] and from unirradiated tests 
performed by FZK (only KV) [12]. Since for the irradiated base EUROFER (IRFUMA-II and III 
campaigns) only full-size Charpy specimens were tested, a scaling procedure has been applied 
based on the DBTT difference and the USE ratio between full-size and sub-size samples in the 
unirradiated condition. 
 
 

Table 3 – Charpy impact results obtained from EUROFER ODS irradiated (IRFUMA-IV). 

Specimen 
code 

T 
(°C)

KV 
(J) 

SFA 
(%) 

OC12 -80 0.41 0 
OC08 -50 0.54 0 
OC17 -40 1.73 14 
OC24 -30 2.18 29 
OC03 -20 2.60 43 
OC05 0 2.50 33 
OC21 17 3.42 55 
OC09 100 4.80 100 
OC14 200 5.88 100 
OC18 300 6.35 100 

DBTT = 1.7 °C (KV) 
USE = 5.68 J 

DBTT = 8.8 °C (SFA) 
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Figure 8 - Absorbed energy values measured from irradiated ODS EUROFER and comparison with 
unirradiated ODS and base EUROFER (unirradiated and irradiated). 
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Figure 9 - SFA measured from irradiated ODS EUROFER and comparison with base EUROFER 
(unirradiated and irradiated). SFA values were not reported by FZK on the unirradiated ODS material. 
 
 With respect to the unirradiated condition, DBTT increases by 65 °C and USE decreases 
by 18%. Compared to the results obtained from base EUROFER irradiated to a slightly lower 
dose (1.55 dpa), DBTT is 50 °C higher for KV and 65 °C higher for SFA, while USE is lower by 
35%. However, the irradiation-induced DBTT shift is similar for ODS and base EUROFER. 
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 It is interesting to note that the energy curves for both unirradiated and irradiated ODS do 
not show the extremely steep transition behaviour which is typically observed for the base 
EUROFER (Figure 8) [13,14]. 
 

3.3 Fracture toughness tests 
 
 After the impact tests, the remaining fourteen irradiated KLST samples were fatigue 
precracked and tested for fracture toughness following the requirements of the ASTM E1921-05 
standard (Master Curve procedure), in order to determine the toughness-based equivalent of 
DBTT, the reference temperature To.  
 For most of the tests, close examination of the test record revealed numerous small force 
drops (pop-ins), most of which could not be classified as significant according to the 
requirements of either ASTM E1921 or E1820; Figure 10 shows an example for a specimen 
tested at 0 °C. 
 

0

0.2

0.4

0.6

0.8

1

1.2

1.4

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Load line displacement [mm]

Lo
ad

 [
kN

]

Estimate of
crack initiation

 
Figure 10 - Test record of the specimen OC06, tested at 0 °C. None of the visible pop-ins is significant 
according to the ASTM standards. The point corresponding to the estimated crack initiation is shown. 
 
 
 In the absence of significant pop-ins or full specimen cleavage, estimates of the 
toughness at ductile crack initiation (KJi) were obtained either by calculating Ji at the midpoint 
between the upper limit of the elastic range and the maximum force [15] or by applying the 
Normalization Data Reduction (NDR) technique following Appendix A15 of ASTM E1820-01. 
In some instances, the total crack extension was too large and the NDR technique could not be 
applied. 
 
 Overall test results are shown in Table 4. 
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Table 4 - Results of the fracture toughness tests obtained from EUROFER ODS irradiated (IRFUMA-IV). 

Specimen 
id 

T 
(°C) 

ao 
(mm) 

W 
(mm) 

B 
(mm) 

∆a 
(mm) 

Jc 
(kJ/m²) 

KJc 
(MPa√m) 

Ji(1) 
(kJ/m²) 

KJi(1) 
(MPa√m) 

Ji(2) 
(kJ/m²) 

KJi(2) 
(MPa√m) 

OC20 -100 1.883  4.001  3.001 0.00  4.0 30.4  - - - - 
OC23 -75 1.845  4.007  3.004 0.00  9.0 45.8  - - - - 
OC22 -70 1.895  4.001  3.001 0.00  13.7 56.4  - - - - 
OC04 -70 1.897  4.003  3.001 0.00  9.6 47.1  - - - - 
OC11 -65 1.880  4.005  2.999 0.00  6.8 39.6  - - - - 
OC13 -65 1.884  4.002  3.005 0.00  9.9 48.0  - - - - 
OC07 -60 1.902  4.000  3.003 0.00  14.0 56.9  - - - - 
OC02 -60 1.928  4.003  3.007 0.00  8.5 44.2  - - - - 
OC15 -50 1.873  4.000  3.000 0.00  12.4 53.4  - - - - 
OC10 -30 1.81 4.00 3.00 2.02 - - 15.3 59.4 - - 
OC06 0 1.86 4.01 3.00 2.03 - - 20.1 67.6 - - 
OC16 0 1.89 4.00 3.00 0.57 - - - - 29.7 78.4 
OC01 50 1.89 4.00 3.00 1.97 - - 16.7 61.4 - - 
OC19 50 1.82 4.00 3.00 0.42 - - - - 32.1 80.9 

 
LEGEND – ao = initial crack length; B, W = specimen thickness and width; ∆a = ductile 
crack extension preceding cleavage or test interruption; Jc, KJc = toughness at cleavage (or at 
first significant pop-in); Ji(1), KJi(1) = estimation of crack initiation toughness at midpoint 
between upper limit of elastic region and maximum force; Ji(2), KJi(2) = estimation of crack 
initiation toughness obtained using the Normalization Data Reduction technique. 

 

 Observation of the fracture surfaces revealed the presence of numerous small cracks, 
normally oriented with respect to the crack front (two examples in Figure 11). These were 
probably small decohesions occurring on L-T planes perpendicular to the plane of crack 
propagation, directly linked to the small force drops observed on the test records. With 
decreasing temperatures, the multiple cracks on the fracture surfaces became larger and less 
numerous. Similar cracks had also been observed on the fracture surfaces of Charpy specimens 
tested between -50 and 100 °C. 

 

   
Figure 11 - Fracture surfaces of two precracked KLST specimens (irradiated ODS). 
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 Since no fracture toughness values are available in the baseline condition, two additional 
KLST specimens were machined from the remaining ODS material, fatigue precracked and 
finally tested in the unirradiated state; results are given in Table 5. Since their fracture surfaces 
showed the same decohesion phenomena as in the irradiated samples (Figure 12), it was 
concluded that irradiation does not play a role in the formation of such cracks. 
 

Table 5 - Results of the fracture toughness tests obtained from EUROFER ODS unirradiated. 

Specimen 
id 

T 
(°C) 

ao 
(mm) 

W 
(mm) 

B 
(mm) 

∆a 
(mm) 

Jc 
(kJ/m²) 

KJc 
(MPa√m) 

OC25 -50 1.96 3.97 2.98 0.81 21.1 69.8 
OC26 25 1.94 3.99 2.96 0.41 54.5 111.3 

 

 
Figure 12 - Fracture surface of the unirradiated specimen OC26 (tested at 25 °C). 

 
 
 In general, the fracture toughness of this material is quite low, ranging from 30 MPa√m 
at -100 °C to 81 MPa√m at 50 °C, well below the reference level of 100 MPa√m to which To is 
indexed. Figure 13 shows the results obtained, as well as test records and fracture surfaces for 
three of the tested specimens. 
 Therefore, a "conventional" value of To for this data set cannot be defined, although KJc 
values were fitted in Figure 13 for convenience using the Master Curve formalism; for ductile 
initiation values (KJi), a simple linear fit was used. The midpoint of the transition regime, 
between lower shelf and full attainment of the upper shelf toughness level, corresponds 
approximately to -40 °C and a toughness level of 53 MPa√m (about 39.4 MPa√m for a 25 mm 
thick specimen using the Master Curve thickness correction). 
 Figure 14 illustrates the significant degradation in toughness with respect to the base 
EUROFER (irradiated to 1.62 dpa) [13] and the unirradiated ODS material from the "EU batch" 
[9]; the results obtained from the two unirradiated tests provide some indication that the 
toughness of the "2nd generation" ODS and the "EU batch" might be substantially equivalent in 
the baseline condition. 



BLG-1028 – Page 14 

 

 
Figure 13 - Results obtained from the fracture toughness tests performed on irradiated ODS, including 
selected fracture surfaces and force/displacement traces. 
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Figure 14 - Fracture toughness values measured on unirradiated and irradiated ODS and comparison with 
unirradiated "EU batch" ODS and irradiated base EUROFER. 
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4 Metallographic observations 
 
 Metallographic sections have been taken from both the "EU batch" and the "2nd 
generation" ODS, perpendicular to the three main directions : L (direction of last rolling), T 
(transverse) and S (through-thickness). Since no structural feaures could be directly seen, the 
samples had to be etched in order to reveal their structure. 
 

4.1 "2nd generation" ODS 
 
 Figure 15 shows sections taken along the T-L and T-S planes. Both sections show a 
rather homogeneous distribution of fine particles which most probably correspond to the Cr-V-O 
particles observed by SEM (see next section) and more or less equiaxed grains of the order of 3 
µm. However, many zones are present which do not contain particles and therefore appear as 
white zones on the micrographs. From both pictures it can be seen that these regions have 
dimensions of approximately 100 × 20 × 10 µm³ in respectively the T, L and S directions. The 
volume of such a zone is equivalent to a sphere of 30 µm diameter. The grain size within these 
regions is similar to the grain size in the surrounding areas. One hypothesis for the origin of 
these zones is that they are due to powder particles which have not been mechanically alloyed 
with Y2O3. 
 

4.2 "EU batch" 
 
 In Figure 16, sections along the T-L and the T-S planes are shown. The general 
appearance is similar to the "2nd generation" ODS but the particles seem to be less finely 
distributed. The grain size appears to be larger as well. Particle-free zones, which were observed 
in the "2nd generation" material, are absent or at least less visible due to the coarser particle size 
and the less uniform particle distribution. 
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Figure 15 - Metallographic sections of the "2nd generation" ODS: (a) T-L plane (T is the vertical direction in 
the photo); (b) T-S plane (T is the horizontal direction in the photo). 

 
 

(a) 

(b) 
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Figure 16 - Metallographic sections of the ODS from the "EU batch": (a) T-L plane (T is the vertical 
direction in the photo); (b) T-S plane (T is the horizontal direction in the photo). 

 
 

 The structure of both ODS materials appears similar but the Cr-V-O particles, at least 
from a metallographic point of view, seem to be more coarsely distributed in the "EU batch"; 
moreover, the grain size in this material seems to be somewhat larger. This is not consistent with 
the microstructural (SEM) observations detailed hereafter. 
 It's possible that the particle-free zones observed in the "2nd generation" ODS material 
may have acted as nucleation sites for the observed delamination cracks, although most probably 
they only play a secondary role. 

(a) 

(b) 



BLG-1028 – Page 18 

 

5 SEM investigations 
 

5.1 Sampling and preparation 
 
 Both unirradiated and irradiated samples have been characterized by Scanning Electron 
Microscope (SEM). 
 In the unirradiated case, material samples (not actual specimens) from both the "EU 
batch" and the "2nd generation" ODS have been investigated; in the irradiated condition, the 
fracture surfaces of three "2nd generation" ODS toughness specimens (OC01 - tested at  50 °C, 
OC15 – tested at  -50 °C and OC20 – tested at -100 °C) have been characterized.  
 The unirradiated samples were cut so that the observation plane was in either the L-T or 
T-S direction. They were then embedded in a conductive epoxy resin by means of hot mounting 
and polished with SiC paper of successively finer grain size, finishing on cloth with diamond 
paste of 3 µm and 1 µm. Backscattered electron images of the polished surfaces were taken, 
carrying information on the sample composition (density contrast). Local spectroscopic analysis 
was done using energy dispersive x-ray analysis in point mode. 
 The irradiated toughness specimens, whose fracture surface corresponded to the T-S 
plane, with the crack propagating in the T direction, were characterized with scanning electron 
microscopy. 

5.2 Results 
 
 In Figure 17, an overview of the fracture surfaces of the irradiated specimens is 
presented. It is observed that at each testing temperature, delamination cracks occurred and the 
width of the cracks increased with testing temperature. Higher magnification images (Figure 18) 
show that at -100 °C the surface shows a cleavage type of fracture, while at higher testing 
temperatures fracture has a more ductile appearance. 
 In the backscattered electron image (BEI) of the polished surface of the unirradiated 
samples from the "2nd generation" ODS material (Figure 19 and Figure 20), dark particles can be 
observed. In the L-T plane (Figure 19), it appears that these particles are aligned around bigger 
agglomerates. Observations in the T-S plane (Figure 20) show that the particles are arranged 
along lines. The directions of these lines correspond to the direction of the observed 
delamination cracks in the tested samples. 
 Figure 21 and Figure 22 show the BEI images of the polished surface of samples from 
the "EU batch". Particles are clearly observed but they are homogeneously distributed in both the 
L-T and T-S planes. 
 The EDX analyses of the dark particles (Figure 23) show that they are Cr-V-O rich 
inclusions. In some of the particles, Al can also be found. The composition of the inclusions is 
similar for both ODS materials. 

5.3 Discussion 
 
 By comparing the observations made on the two ODS materials, it can be concluded that 
the observed delamination cracks found in the fracture surface of the toughness specimens made 
from the 2nd generation ODS, are the result of preferential alignment of Cr-V-O rich inclusions 
in the T-S planes. The origin of this orientation effect is probably related to the fabrication 
process, and in particular to the cross-rolling technique. 



BLG-1028 – Page 19 

 

Test temperature : 50 °C Test temperature : -50 °C 

Test temperature :  -100 °C  
Figure 17 - SEM images of the fracture surfaces of the irradiated specimens. 
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Test temperature : 50 °C Test temperature : -50 °C 

Test temperature :  -100 °C

Test temperature : 50 °C Test temperature : -50 °C 

Test temperature :  -100 °C   
Figure 18 – Higher magnification SEM images of the fracture surfaces of the irradiated specimens. 
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Figure 19 - BEI of the surface of the unirradiated samples ("2nd generation" ODS, L-T plane).
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Figure 20 - BEI of the surface of the unirradiated samples ("2nd generation" ODS, T-S plane, with T 
corresponding to the horizontal direction in the photos).



BLG-1028 – Page 23 

 

 
 

Figure 21 - BEI of the surface of the unirradiated samples ("EU batch", L-T plane).
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Figure 22 - BEI of the surface of the unirradiated samples ("EU batch", T-S plane, with T corresponding to 
the vertical direction in the photos). 
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Figure 23 - EDX analysis of matrix and particles. 
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6 Conclusions 
 
 Tensile and KLST-type Charpy specimens of a thermomechanically-improved ODS 
version of EUROFER (herewith denominated "2nd generation ODS") have been irradiated at 300 
°C up to 1.73 ± 0.07 dpa in the BR2 reactor. 
 Post-Irradiation Examination (PIE) consisted of tensile, Charpy impact and fracture 
toughness tests, as well as metallographic and microstructural investigations on the unirradiated 
and irradiated materials; some of the latter investigations also concerned the most recent version 
of EUROFER ODS produced within the EU, the so-called "EU batch". 
 With respect to the unirradiated condition, mechanical test results have shown significant 
hardening (increase in tensile properties), loss of ductility (decrease of elongation) and 
embrittlement (shift of DBTT, degradation of USE and fracture toughness). 
 Compared to the base (non-ODS) EUROFER previously irradiated under similar 
conditions, ODS is significantly harder and less tough; ductility is equivalent with uniform 
elongations lower than 0.5%. 
 Modest fracture toughness properties (lower than 75 MPa√m) were observed, with the 
transition between brittle and ductile behaviour occurring around -40 °C. Up to 100 °C, fracture 
in Charpy and toughness tests is accompanied by the formation of multiple delamination cracks 
in the L-T plane. These cracks have been found to be associated to agglomerates of Cr-V-O rich 
particles, preferentially aligned in the T-S plane and probably related to the fabrication process 
of the material. 
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ANNEX 1 
 

Chemical composition of the "2nd generation" ODS 



 

 



 

 

ANNEX 2 
 

Cutting plan for the "2nd generation" EUROFER ODS 



 

 

 


