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Abstract:

In an energy generating fusion reactor structural materials will be exposed to very high
damage doses of about 150 dpa. The objective of the ARBOR 2 irradiation
programme was to study the effects of low-temperature (330-340 °C) high
dose (up to 70 dpa) neutron irradiation on the mechanical properties of the
European reference structural material for the Demonstration Reactor
(DEMO), EUROFER 97, its Oxide Dispersion Strengthened (ODS) variants,
selected technological specimens and other international RAFM steels. The
neutron irradiation of miniaturised impact, tensile and LCF specimens com-
plying Small Specimen Testing Technology has been carried out in the fast
experimental reactor BOR 60 at Joint Stock Company “State Scientific Cen-
tre Research Institute of Atomic Reactors” (SSC RIAR). Post Irradiation Ex-
amination of the specimens has been performed at the Materials Science
Laboratory of SSC RIAR under the ISTC Partner Project #2781p.

Neutron irradiation at 330-340 °C leads to a severe degradation of the im-
pact and tensile properties of the RAFM steels. Neutron irradiation-induced
hardening and embrittlement indicate saturating behaviour at the achieved
damage doses for these low irradiation temperatures. The evolution of Yield
Stress with dose is qualitatively understood within a Whapham and Makin
model. Post-irradiation annealing of RAFM steels yields substantial recovery
of the mechanical properties, indicating healing of most of the radiation de-
fects. Helium contents already up to 120 appm lead to strong material em-
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brittlement but have only minor influence on the tensile properties.

The neutron irradiation induced hardening may differently affect the fatigue
behaviour of the irradiated specimens. The increase of the elastic part of the
cyclic deformation and the related reduction of the inelastic strain amplitude
due to irradiation induced hardening lead to the increase of the fatigue life-
time especially at low strain ranges. The radiation hardening induced in-
crease of the stress level might, however, lead to enhanced damage evolu-
tion and hence to lifetime reduction especially at high strain ranges.

Electron beam welded EUROFER 97 technological specimens exhibited
tensile and LCF properties that are comparable to those of irradiated base
EUROFER 97 steels. The miniaturised EUROFER 97 specimens manufac-
tured from a HIP welded First Wall mock-up showed large scatter of tensile
properties both in unirradiated and irradiated conditions.

The design relevant data obtained within the current work can be used for
verification of the design rules and provides important input for modelling
activities.
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Abstract

In an energy generating fusion reactor structural materials will be exposed to very high damage doses
of about 150 dpa. The objective of the ARBOR 2 irradiation programme was to study the
effects of low-temperature (330-340 °C) high dose (up to 70 dpa) neutron irradiation on the
mechanical properties of the European reference structural material for the Demonstration
Reactor (DEMO), EUROFER 97, its Oxide Dispersion Strengthened (ODS) variants, selected
technological specimens and other international RAFM steels. The neutron irradiation of
miniaturised impact, tensile and LCF specimens complying Small Specimen Testing Tech-
nology has been carried out in the fast experimental reactor BOR 60 at Joint Stock Company
“State Scientific Centre Research Institute of Atomic Reactors” (SSC RIAR). Post Irradiation
Examination of the specimens has been performed at the Materials Science Laboratory of
SSC RIAR under the ISTC Partner Project #2781p.

Neutron irradiation at 330-340 °C leads to a severe degradation of the impact and tensile
properties of the RAFM steels. Neutron irradiation-induced hardening and embrittlement indi-
cate saturating behaviour at the achieved damage doses for these low irradiation tempera-
tures. The evolution of Yield Stress with dose is qualitatively understood within a Whapham
and Makin model. Post-irradiation annealing of RAFM steels yields substantial recovery of
the mechanical properties, indicating healing of most of the radiation defects. Helium con-
tents already up to 120 appm lead to strong material embrittlement but have only minor influ-
ence on the tensile properties.

The neutron irradiation induced hardening may differently affect the fatigue behaviour of the
irradiated specimens. The increase of the elastic part of the cyclic deformation and the re-
lated reduction of the inelastic strain amplitude due to irradiation induced hardening lead to
the increase of the fatigue lifetime especially at low strain ranges. The radiation hardening
induced increase of the stress level might, however, lead to enhanced damage evolution and
hence to lifetime reduction especially at high strain ranges.

Electron beam welded EUROFER 97 technological specimens exhibited tensile and LCF
properties that are comparable to those of irradiated base EUROFER 97 steels. The minia-
turised EUROFER 97 specimens manufactured from a HIP welded First Wall mock-up
showed large scatter of tensile properties both in unirradiated and irradiated conditions.

The design relevant data obtained within the current work can be used for verification of the
design rules and provides important input for modelling activities.



Nachbestrahlungsuntersuchung von RAFM Stahlen aus der Bestrahlung in einem
Schnellen Reaktor bis zu 71 dpa und < 340 °C (ARBOR 2)

Zusammenfassung

In einem energieerzeugenden Fusionsreaktor werden Strukturmaterialien einer sehr hohen Bestrah-
lungsdosis ausgesetzt, welche bis zu 150 dpa betragen kann. Das Ziel des ARBOR 2 Bestrahlungspro-
gramms liegt in der Untersuchung der Effekte der Tieftemperatur (330-340 °C) Hochdosis (bis zu
70 dpa) Neutronenbestrahlung auf die mechanischen Eigenschaften von einem europaischen RAFM
Referenzstahl fir den Demonstrationsreaktor (DEMO), EUROFER 97, von dessen Oxiddispersionsge-
harteter Varianten, ausgewahiten technologischen Proben sowie anderen intemationalen RAFM Stah-
len. Die Neutronenbestrahlung von miniaturisierten Kerbschlag-, Zug- und Ermidungsproben erfolgte in
dem schnellen experimentellen Reaktor BOR 60 am “State Scientific Centre Research Institute of
Atomic Reactors” (SSC RIAR). Die Nachbestrahlungsuntersuchungen von Proben wurden unter
dem ISTC Partner Projekt #2781p in den Heiflden Zellen von SSC RIAR durchgefihrt.

Die Neutronenbestrahlung fiihrt zu einer starken Degradierung von Kerbschlag- und Zugeigenschaften
bei tiefen Bestrahlungstemperaturen von 330-340 °C. Die bestrahlungsinduzierte Verfestigung und Ver-
sprodung deuten auf ein Sattigungsverhalten bei den erreichten Schadigungsdosen von 70 dpa hin. Die
Dosisabhangigkeit der Streckgrenze bei diesen tiefen Bestrahlungstemperaturen kann im Rahmen des
Whapham und Makin Models qualitativ beschrieben werden. Nachbestrahlungswarmebehandlung fuhrt
zu einer erheblichen Erholung der mechanischen Eigenschaften, was auf eine weitgehende Ausheilung
von Strahlenschadigung hindeutet. Heliumgehalt bis zu 120 appm flihrt bereits zu einer starken Materi-
alversprodung, hat allerdings nur einen geringen Effekt auf die Zugeigenschaften.

Die bestrahlungsinduzierte Verfestigung kann zu unterschiedlichen Einflissen auf die Ermidungseigen-
schaften fiihren. Die Zunahme des elastischen Anteils und die entsprechende Abnahme des inelasti-
schen Anteils in der gesamten Verformung als Folge der Verfestigung fiihren zu einer Zunahme der
Lebensdauer, insbesondere bei niedrigen Dehnamplituden. Die Zunahme der Spannungsamplitude
kann andererseits die Beschleunigung der Ermiidungsschadigung and entsprechende Abnahme der
Lebensdauer, insbesondere bei hohen Dehnamplituden, hervorrufen.

Die mittels Elektronenstrahl geschweildten technologischen EUROFER 97 Proben zeigen mit dem be-
strahltem Basismaterial EUROFER 97 vergleichbare Zug- und Ermudungseigenschaften. Die miniaturi-
sierten, aus dem HIP geschweilten Ersten Wand Mock-Up hergestellten Proben zeigen grof3e Streu-
ung von Zugeigenschaften, sowohl in unbestrahlten als auch in bestrahlten Zustanden.

Die in dieser Arbeit generierten auslegungsrelevanten Daten kdnnen zur Verifizierung von Auslegungs-
regeln verwendet werden und liefemn wichtigen Input fur Modellierungsaktivitaten.

Vi



TABLE OF CONTENTS

LI [ (oo U031 To T o PSSPt 1
2 ARBOR 2 Irradiation Programime.............uuuuuuiuuueiiiiiieriiuiiiineeineesaessnsaneennenseeenene..——————— 1
D T @ VY oV 1= OSSP 1
2.2 lrradiated materials ..........oooo oo 2
DG Y o 1= Tor 1 0 =T o - S 3
2.4 Specimen preparation and delivery ... 5
DA T = 1 | O PSSR 5
2.6 Irradiation @SSEMDIY ... ... 6
2.7 DOSIMEIY .ot e e e e e e e e as 6
2.8 Irradialion CONAITIONS. ... . 10
2.9 Performance of the irradiation experiment..............ooooii 12
3 Post Irradiation Examination (PIE) ......cccooooiiioiiiiiie e 12
4 TeStNG RESUIES ..o e e e e e e e e e 14
2 S I [T o =T B (=] 1] o P 14
4.1.1 Irradiation dose evolution of embrittlement ... 22
B =Y 1= 1 1= (=3 1] o S 23
421 Irradiation dose evolution of hardening.........ccccoviiiiiii 29
4.2.2  Post-irradiation annealing ...........coovviiiiiiiiie e 31
4.2.3 Miniaturised diffusion welded specimens ............cccoo oo 32
4.3 Low cycle fatigue teSting......ccccoeeeiiieiieee e 34
4.3.1 Discussion of LCF bDEhaVioUr....... ... e 45

LS O o T 11 13 o o PRSP 48
LT U= (=1 1= o= 49
7  Annex: Material Chemical Composition and Thermal Treatment.............ccccvvvvvvivvvinnnnnn, 52
8 Annex: Test Conditions for PIE of ARBOR 2 ... 54
LS Y Y o1 1= Gl [ o = o Rl I =Y SRS 55
9.1 EUROFER 97 ..ottt ettt e e e e e e e et e e e e e e e e e e s naeeeaaaeeaan 55
9.2 EUROFER 97 HT oottt ettt e e e e e e e et e e e e e e e e annns 57
S R N 1 o 4T o RSP 59
9.4 OPTIFER Xl ...ttt ettt e e e e e e sttt e e e e e e e e e sn e eeeeeeeeaann 60
9.5 OPTIFER Xl ...eeeiieeiiie ettt e e et e e e e e e e e e e e e e e e e e eennsssnenaeeeeeeaaanns 62
0.8 A S 2 e et e e e e e e e a e et e e e e e e e e e reaaaeeaas 63
S A I S T SRR 64
9.8 EURODShIp With 0.5 WE% Y203 65
9.9 EODShIp3 With 0.3 Wt.% Y203 . i ii it e e e e e e e e e 67
9.10 Diffusion welded EUROFER 97 ........ooiiiiiiiiiee et 68
10 Annex: Tensile TestS ... 82
10.1 BUROFER 7 ..ottt e e e e e e e e e e e e e eas 82
10.2 EUROFER 97 HT oottt e et e e e e e e e e e nnnneeeeaaeens 84
O < 24 o 3T Yo PRSP 85



10.4 ADS 2
10.5 ADS 3
10.6 OPTIFER XI
10.7 OPTIFER XII
10.8 EURODShip with 0.5 wt.% Y,03
10.9 EODShip3 with 0.3 wt.% Y,0;
10.10 EUROF-EB
10.11 Tensile properties in the reference unirradiated state
10.12 Diffusion welded EUROFER 97 (1xHIP)
10.13 Diffusion welded EUROFER 97 (2xHIP)

11 Annex: Low Cycle Fatigue Tests
11.1 EUROFER 97
11.2 EUROFER 97 HT
11.3 F82H-mod
11.4 OPTIFER IVc
11.5 BS-EUROFER
11.6 EURODShip (EUROFER 97 with 0.5 wt.% Y,03)
11.7 ADS 2
11.8 ADS 3
11.9 ADS 4

LisT OF TABLES

Table 2-1:

Table 2-2:
Table 2-3:
Table 2-4:

Table 4-1:

Table 4-2:
Table 4-3:
Table 4-4:
Table 4-5:
Table 4-6:
Table 4-7:
Table 4-8:
Table 4-9:
Table 4-10:

viii

Controlled neutron fluence and damage dose of ARBOR 2 IR (SSC
RIAR). Within this report the calculated dpa values were used for levels
1,2,4,5 and 7-10, whereas for levels 3, 6 and 11 the dpa values averaged
over three neutron monitors’ data were applied.

Material loading matrix for ARBOR 2 irradiation.

Specimen loading matrix for ARBOR 2 irradiation.

Calculated/measured damage doses in ARBOR 1 and ARBOR 2
experiments and calculated temperature vs. capsule position.

Impact properties of the materials investigated in ARBOR 2; Legend: “-*
not determined; “*“ apparent values, see text.

LCF data on unirradiated EUROFER 97.

LCF data on EUROFER 97 irradiated to 46.8 dpa at 337.5 °C.

LCF data on EUROFER 97 irradiated to 70.8 dpa at 334.0 °C.

LCF data on unirradiated EUROFER 97 HT.

LCF data on EUROFER 97 HT irradiated to 46.8 dpa at 337.5 °C.

LCF data on EUROFER 97 HT irradiated to 70.8 dpa at 334.0 °C.

LCF data on unirradiated F82H-mod.

LCF data on F82H-mod. irradiated to 46.8 dpa at 337.5 °C.

LCF data on unirradiated OPTIFER IVc.

10
11

11

15
35
35
35
37
37
37
38
38
39



Table 4-11:
Table 4-12:
Table 4-13:
Table 4-14:

Table 4-15:

Table 4-16:
Table 4-17:
Table 4-18:
Table 4-19:
Table 4-20:
Table 4-21:
Table 4-22:
Table 7-1:
Table 7-2:
Table 8-1:
Table 9-1:

Table 9-2:

Table 9-3:

Table 9-4:

Table 9-5:

Table 9-6:

Table 9-7:
Table 9-8:
Table 9-9:

Table 9-10:
Table 9-11:
Table 9-12:

Table 9-13:

LCF data on OPTIFER IVc irradiated to 70.8 dpa at 334.0 °C.

LCF data on BS-EUROF irradiated to 46.8 dpa at 337.5 °C.

LCF data on BS-EUROF irradiated to 70.8 dpa at 334 °C.

LCF data on unirradiated EURODSHIP (EUROFER 97 with 0.5wt.%
Yttria).

LCF data on EURODSHIP (EUROFER 97 with 0.5 wt.% Yttria) irradiated
to 46.8 dpa at 337.5 °C.

LCF data on unirradiated ADS 2.

LCF data on ADS 2 irradiated to 70.8 dpa at 334 °C.

LCF data on unirradiated ADS 3.

LCF data on ADS 3 irradiated to 70.8 dpa at 334 °C.

LCF data on unirradiated ADS4.

LCF data on ADS4 irradiated to 46.8 dpa at 337.5 °C.

LCF data on EUROF-EB irradiated to 70.1 dpa at 331.5 °C.

Material chemical composition in wt.% (Fe balance).

Heat identification and thermal treatment.

Test conditions for PIE of ARBOR 2.

Temperature dependence of impact toughness of EUROFER 97 after
irradiation to 64.9 dpa at 336.8 °C

Temperature dependence of impact toughness of EUROFER 97 after
irradiation to 69.8 dpa at 334.9 °C.

Temperature dependence of impact toughness of EUROFER 97 HT after
irradiation to 64.9 dpa at 336.8 °C. Selected specimens are tested after
PIA at 550 °C/3 h.

Temperature dependence of impact toughness of EUROFER 97 HT after
irradiation to 69.8 dpa at 334.9 °C. Selected specimens are tested after
PIA at 550 °C/3 h.

Temperature dependence of impact toughness of F82H-mod. after
irradiation to 64.9 dpa at 336.8 °C. Selected specimens are tested after
PIA at 550 °C/3 h.

Temperature dependence of impact toughness of OPTIFER XI after
irradiation to 12.0 dpa at 337.5 °C.

Temperature dependence of impact toughness of OPTIFER XI after
irradiation to 31 dpa at 338.4 °C

Temperature dependence of impact toughness of OPTIFER XIl after
irradiation to 12.0 dpa at 337.5 °C.

Temperature dependence of impact toughness of ADS 2 after irradiation
to 69.8 dpa at 334.9 °C.

Temperature dependence of impact toughness of ADS 3 after irradiation
to 69.8 dpa at 334.9 °C.

Temperature dependence of impact toughness of EURODShip after
irradiation to 12.0 dpa at 337.5 °C.

Temperature dependence of impact toughness of EURODShip after
irradiation to 64.9 dpa at 336.8 °C.

Temperature dependence of impact toughness of EODShip 3 after
irradiation to 28.4 dpa at 338.4 °C.

39
40
40
41
41
42
42
43
43
44
44
45
52
53
54
55

56

S7

58

59

60

61

62

63

64

65

66

67



Table 9-14:

Table 10-1:

Table 10-2:

Table 10-3:

Table 10-4:

Table 10-5:

Table 10-6:

Table 10-7:

Table 10-8:

Table 10-9:

Table 10-10:

Table 10-11:

Table 10-12:

Table 10-13:

Table 10-14:

Table 10-15:

Table 10-16:

Table 10-17:

Table 10-18:

Temperature dependence of impact toughness of diffusion welded
EUROFER 97 after irradiation to 28.4 dpa at 338.4 °C.

Analysis of the tensile diagrams of EUROFER 97 after irradiation to 70.1
dpa at 331.5 °C (-e: extensometer, -t: crosshead).

Analysis of the tensile diagrams of EUROFER 97 after irradiation to 31.0
dpa at 338.4 °C (-e: extensometer, -t: crosshead).

Analysis of the tensile diagrams of EUROFER 97 HT after irradiation to
70.1 dpa at 331.5 °C (-e: extensometer, -t: crosshead).

Analysis of the tensile diagrams of F82H-mod. after irradiation to 70.1 dpa
at 331.5 °C (-e: extensometer, -t: crosshead).

Analysis of the tensile diagrams of ADS 2 after irradiation to 70.1 dpa at
331.5 °C (-e: extensometer, -t: crosshead).

Analysis of the tensile diagrams of ADS 3 after irradiation to 70.1 dpa at
331.5 °C (-e: extensometer, -t: crosshead).

Analysis of the tensile diagrams of OPTIFER Xl after irradiation to 31 dpa
at 338.4 °C (-e: extensometer, -t: crosshead).

Analysis of the tensile diagrams of OPTIFER Xl after irradiation to 12 dpa
at 337.5 °C (-e: extensometer, -t: crosshead).

Analysis of the tensile diagrams of OPTIFER XII after irradiation to 12 dpa
at 337.5 °C (-e: extensometer, -t: crosshead).

Analysis of the tensile diagrams of EURODShip with 0.5 wt.% Y,0O3 after
irradiation to 70.1 dpa at 331.5 °C (-e: extensometer, -t: crosshead).
Analysis of the tensile diagrams of EURODShip with 0.5 wt.% Y,0O3 after
irradiation to 12 dpa at 337.5 °C (-e: extensometer, -t: crosshead).
Analysis of the tensile diagrams of EODShip3 with 0.3 wt.% Y,0O; after
irradiation to 31 dpa at 338.4 °C (-e: extensometer, -t: crosshead).
Analysis of the tensile diagrams of EUROF-EB after irradiation to 70.1 dpa
at 331.5 °C (-e: extensometer, -t: crosshead).

Analysis of the tensile diagrams of the investigated steels in the reference
unirradiated condition.

Analysis of the tensile diagrams of 1xHIP diffusion welded EUROFER 97
after irradiation to 36.2 dpa at 336.8 °C.

Analysis of the tensile diagrams of diffusion 1xHIP welded EUROFER 97
in the reference unirradiated state.

Analysis of the tensile diagrams of 2xHIP diffusion welded EUROFER 97
after irradiation to 36.2 dpa at 336.8 °C.

Analysis of the tensile diagrams of diffusion 2xHIP welded EUROFER 97
in the reference unirradiated state.

LisT OF FIGURES

Fig. 2-1
Fig. 2-2

Fig. 2-3

Tensile/Low Cycle Fatigue specimen (all dimensions in mm).

KLST impact specimen (all dimensions in mm); Detail the specimen
notch.

Double-T shaped specimen for the tensile testing of diffusion welds.

68

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

96

97

98



Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

2-4
2-5

2-6

3-1

4-2

4-3

4-4

4-5

4-6

4-8

4-9

4-10

4-11

4-12

4-13

Reactor building of BOR 60.

Dismountable assembly with a thermocouple. (Detail: Capsule filled with
KLST mini impact specimens).

Scheme of the neutron and temperature monitors location in the
suspensor.

Instrumented impact testing facility with specimen transporting system,
cooling facility/furnace and specimen positioning system implemented in
the hot cells of SSC RIAR.

Electro-mechanical testing machine with a three-zone furnace and a high
temperature extensometer in the hot cells of SSC RIAR.

Impact energy vs. test temperature curves of EUROFER 97 in the
reference unirradiated condition and after irradiation to 64.9 dpa/336.8 °C
and 69.8 dpa/334.9 °C.

Impact energy vs. test temperature curves of pre-irradiation heat treated
EUROFER 97 HT in the reference unirradiated condition, after irradiation
to 64.9 dpa/ 336.8 °C and 69.8 dpa/334.9 °C and after PIA at 550 °C/3 h.
Impact energy vs. test temperature curves of F82H-mod. in the reference
unirradiated condition, after irradiation to 64.9 dpa/ 336.8 °C and after PIA
at 550 °C/3 h.

The impact energy vs. test temperature curves of OPTIFER Xl in the
reference unirradiated state and after irradiation to 12.0 dpa at 337.5 °C
and to 31.0 dpa at 338.4 °C.

The impact energy vs. test temperature curves of OPTIFER XlI in the
reference unirradiated state and after irradiation to 12.0 dpa at 337.5 °C.
Impact energy vs. test temperature curves of ADS 2 in the reference
unirradiated condition, after irradiation to 69.8 dpa/ 334.9 °C and after PIA
at 550 °C/3 h.

Impact energy vs. test temperature curves of ADS 3 in the reference
unirradiated condition, after irradiation to 69.8 dpa/ 334.9 °C and after PIA
at 550 °C/3 h.

Impact energy vs. test temperature curves of ODS EUROFER
(EUROFER 97 with 0.5 wt.% Yttria) in the reference unirradiated
condition, after neutron irradiation to 12.0 dpa/ 337.5 °C, to 64.9 dpa/
336.8 °C and after PIA at 550 °C/3 h.

Impact energy vs. test temperature curves of diffusion welded EUROFER
97 specimens in the reference unirradiated state and after irradiation to
28.4 dpa at 338.4 °C.

Irradiation shifts of the DBTT vs. dose for EUROFER 97, EUROFER 97
HT, F82H and OPTIFER steels. The open symbols represent KIT results
and the crossed symbols are from [23]. The solid lines are a model
description of the data [15],[17].

Yield Stress (Rpo2) and Ultimate Tensile Strength (Ry,) of 70.1 dpa, 331.5
°C irradiated RAFM materials tested at 350 °C.

Yield Stress (Rpo2) and Ultimate Tensile Strength (Ry,) of 70.1 dpa, 331.5
°C irradiated RAFM materials tested at 20 °C.

Uniform Strain (Ag) and Total Strain (A) of 70.1 dpa, 331.5 °C irradiated
RAFM materials tested at 350 °C.

12

13

15

16

17

18

18

19

20

21

21

23

24

24

25

Xi



Fig.
Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Xii

4-14

4-15

4-16

4-19

4-20

4-21

4-22

4-23

4-24

4-25

Uniform Strain (Ag) and Total Strain (A) of 70.1 dpa, 331.5 °C irradiated
RAFM materials tested at 20 °C.

Reduction of area of 70.1 dpa, 331.5 °C irradiated RAFM materials after
testing at 350 °C.

Reduction of area of 70.1 dpa, 331.5 °C irradiated RAFM materials after
testing at 20 °C.

Yield Stress vs. test temperature for EUROFER 97 in the unirradiated
condition and after neutron irradiations in different European irradiation
programmes (irradiation conditions and programmes are given in the
figure legend). The lines are a guide for the eye.

Ultimate tensile strength vs. test temperature for EUROFER 97 in the
unirradiated condition and after neutron irradiations in different European
irradiation programmes. The lines are a guide for the eye.

Uniform Strain vs. test temperature for EUROFER 97 in the unirradiated
condition and after neutron irradiations in different European irradiation
programmes. The lines are a guide for the eye.

Total Strain vs. test temperature for EUROFER 97 in the unirradiated
condition and after neutron irradiations in different European irradiation
programmes. The lines are a guide for the eye.

Irradiation hardening vs. irradiation dose for EUROFER 97 and F82H
steels for Ti; = 300-335 °C and T = 300-350 °C. The full symbols
represent KIT results [8],[9]. The open symbols are from the literature
[23],[25],[26],[15],[17]. The solid line is a least square fit to the EUROFER
97 data with Eq. (3). The dashed line is only a guide for the eye.
Hardening, quantified as increase in the Yield Stress and Ultimate Tensile
Strength (left) and ductility properties, quantified as changes in the
Uniform and Total Strains (right) as a function of the post-irradiation
annealing time at 550 °C. Annealing time “0” corresponds to the as
irradiated state (70.1 dpa/ 331.5 °C). Twst = 350 °C; Strain rate =1x107
1/s.

Hardening, quantified as increase in the Yield Stress and Ultimate Tensile
Strength as a function of the post-irradiation annealing time at 550 °C. As
irradiated specimen (31 dpa/ 338.4 °C) and a specimen heated and
immediately cooled up to/ from 550 °C are marked correspondingly. Ties=
350 °C; Strain rate =1x10° 1/s.

Yield Stress vs. test temperature for 1xHIP (EH1) and 2xHIP (EH2)
welded specimens in the unirradiated condition and after neutron
irradiation to 36.2 dpa at 336.8 °C. The results on 1x HIPped (E97HIP1)
and 2x HIPped (E97HIP2) base EUROFER 97 in the unirradiated
condition are included. Crosshead speed of 1.0 mm/min corresponds to
4.8x10° 1/s strain rate. Dashed arrows indicate recovery of the Yield
Stress after post irradiation annealing at 550 °C for 3 h.

Yield Stress vs. crosshead speed for 1xHIP (EH1) and 2xHIP (EH2)
welded specimens in the unirradiated condition and after neutron
irradiation to 36.2dpa at 336.8 °C. The results on 1x HIPped (E97HIP1)
and 2x HIPped (E97HIP2) base EUROFER 97 in the unirradiated
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4-28

4-29

4-30
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4-34

4-35

4-36
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4-38

condition are included. Crosshead speeds of 0.1 and 1.0 mm/min
correspond to a strain rate of 4.8x10™ and 4.8x10 1/s, respectively.
Uniform Strain vs. test temperature for 1xHIP (EH1) and 2xHIP (EH2)
welded specimens in the unirradiated condition and after neutron
irradiation to 36.2dpa at 336.8 °C. The results on 1x HIPped (E97HIP1)
and 2x HIPped (E97HIP2) base EUROFER 97 in the unirradiated
condition are included. Crosshead speed of 1.0 mm/min corresponds to
4.8x107 1/s strain rate.

Fatigue lifetime vs. total strain range for unirradiated and up to 71 dpa
irradiated (T;» = 331-338 °C) EUROFER 97 (980 °C/0.5 h + 760 °C/1.5 h).
Fatigue lifetime vs. total strain range for unirradiated and up to 71 dpa
irradiated (Ti» = 331-338 °C) EUROFER 97 HT (1040 °C/38 min + 750
°C/2 h).

Fatigue lifetime vs. total strain range for unirradiated and up to 47 dpa
irradiated F82H-mod.

Fatigue lifetime vs. total strain range for unirradiated and up to 71 dpa
irradiated OPTIFER IVc.

Fatigue lifetime vs. total strain range for BS-EUROF after irradiation to
damage doses of 47 and 71 dpa as well as for EUROFER 97 in the
reference unirradiated state.

Fatigue lifetime vs. total strain range for unirradiated and up to 46.8 dpa
irradiated EURODSHIP (EUROFER 97 with 0.5 wt.% Yttria).

Fatigue lifetime vs. total strain range for unirradiated and to 71dpa
irradiated ADS2.

Fatigue lifetime vs. total strain range for unirradiated and to 71 dpa
irradiated ADS 3.

Fatigue lifetime vs. total strain range for unirradiated and to 47 dpa
irradiated ADS 4.

Fatigue lifetime vs. total strain range for 70 dpa irradiated EB welded
EUROFER 97 (EUROF-EB) and for unirradiated reference ERUOFER97.
Fatigue lifetime for unirradiated and up to 71 dpa irradiated (T;; = 300-337
°C) EUROFER 97 vs. total strain range [29]. 2 dpa data stems from
SOSIA-02 (NRG) irradiation [23]. The dashed line represents the model
description of the unirradiated data [30].

Fatigue lifetime vs. inelastic strain range for selected unirradiated and
irradiated RAFM steels. The circled points are obtained on the specimens
exhibiting strongly non-monotonous evolution of peak tensile and
compression stresses with Number of Cycles. The solid lines represent
the description of the unirradiated data by a Manson-Coffin relation.
Load-time diagrams of impact testing of EUROFER 97 after irradiation to
64.9 dpa at 336.8 °C (specimens: E1 16 to E1 21).

Load vs. time diagrams of impact testing of EUROFER 97 after irradiation
to 69.8 dpa at 334.9 °C.

Load vs. time diagrams of impact testing of EUROFER 97 HT after
irradiation to 64.9 dpa at 336.8 °C. Specimens E2 21, E2 23, E2 24 are
tested after post-irradiation annealing (PIA) at 550 °C/3 h.
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Load vs. time diagrams of impact testing of EUROFER 97 HT after
irradiation to 69.8 dpa at 334.9 °C. Specimens E2 13, E2 15, E2 16 are
tested after PIA at 550 °C/3 h.

Load vs. time diagrams of impact testing of F82H-mod. after irradiation to
64.9 dpa at 336.8 °C. Specimens F 12, F 13, F 14 are tested after PIA at
550 °C/3 h.

Load vs. time diagrams of impact testing of OPTIFER Xl after irradiation
to 12.0 dpa at 337.5 °C.

Load vs. time diagrams of impact testing of OPTIFER Xl after irradiation
to 31 dpa at 338.4 °C.

Load vs. time diagrams of impact testing of OPTIFER XII after irradiation
to 12.0 dpa at 337.5 °C.

Load vs. time diagrams of impact testing of ADS 2 after irradiation to 69.8
dpa at 334.9 °C. Specimens A2 02, A2 05, A2 06 are tested after PIA at
550 °C/3 h.

Load vs. time diagrams of impact testing of ADS 3 after irradiation to 69.8
dpa at 334.9 °C. Specimens A3 04, A3 05 are tested after PIA at 550 °C/
3 h.

Load vs. time diagrams of impact testing of EURODShip after irradiation
to 12.0 dpa at 337.5 °C.

Load vs. time diagrams of impact testing of EURODShip after irradiation
to 64.9 dpa at 336.8 °C. Specimen EO 09 is tested after PIA at 550 °C/
3 h.

Load vs. time diagrams of impact testing of EODShip 3 after irradiation to
28.4 dpa at 338.4 °C.

Load vs. time diagram of impact testing of diffusion welded EUROFER 97
after irradiation to 28.4 dpa at 338.4 °C.

Charpy specimens E1 08, E1 09, E1 10, E1 11, E1 12, E1 13 after impact
testing and after complete separation.

Charpy specimens E1 14, E1 15, E1 16, E1 17, E1 18, E1 19 after impact
testing and after complete separation.

Charpy specimens E1 20, E1 21, E2 09, E2 10, E2 11, E2 12 after impact
testing and after complete separation.

Charpy specimens E2 13, E2 15, E2 16, E2 17, E2 18, E2 19 after impact
testing and after complete separation.

Charpy specimens E2 20, E2 21, E2 23, E2 24, F 08, F 09 after impact
testing and after complete separation.

Charpy specimens F 10, F 11, F 12, F 13, F 14, 11 09 after impact testing
and after complete separation.

Charpy specimens 11 10, 11 11, 11 12, 11 13, 12 01, 12 02 after impact
testing and after complete separation.

Charpy specimens 12 03, 12 04, 12 05, A2 01, A2 02, A2 03 after impact
testing and after complete separation.

Charpy specimens A2 04, A2 05, A2 06, A3 01, A3 02, A3 03 after impact
testing and after complete separation.

Charpy specimens A3 04, A3 05, A3 06, A3 07, EO 08 after impact testing
and after complete separation.
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Charpy specimens EO 31, EO 32, EO 33, EO 34, EO 34, EO 36 after
impact testing and after complete separation.

Charpy specimens EF12 01, EF1202, EF1203, EF1204, EF2201,
EF22 02 after impact testing and after complete separation.

Charpy specimens O3 01, O3 02 after impact testing and after complete
separation.

Tensile stress vs. strain diagrams (displacement recording of
extensometer and crosshead) of EUROFER 97 after irradiation to 70.1
dpa at 331.5 °C, the test conditions and the assessment results are
summarised in Table 10-1.

Tensile stress vs. strain diagrams (displacement recording of
extensometer and crosshead) of EUROFER 97 after irradiation to 31.0
dpa at 338.4 °C, the test conditions and the assessment results are
summarised in Table 10-2.

Tensile stress vs. strain diagrams (displacement recording of
extensometer and crosshead) of EUROFER 97 HT after irradiation to 70.1
dpa at 331.5 °C, the test conditions and the assessment results are
summarised in Table 10-3.

Tensile stress vs. strain diagrams (displacement recording of
extensometer and crosshead) of F82H-mod. after irradiation to 70.1 dpa
at 331.5 °C, the test conditions and the assessment results are
summarised in Table 10-4.

Tensile stress vs. strain diagrams (displacement recording of
extensometer and crosshead) of ADS 2 after irradiation to 70.1 dpa at
331.5 °C, the test conditions and the assessment results are summarised
in Table 10-5.

Tensile stress vs. strain diagrams (displacement recording of
extensometer and crosshead) of ADS 3 after irradiation to 70.1 dpa at
331.5 °C, the test conditions and the assessment results are summarised
in Table 10-6.

Tensile stress vs. strain diagrams (displacement recording of
extensometer and crosshead) of OPTIFER Xl after irradiation to 31.0 dpa
at 338.4 °C, the test conditions and the assessment results are
summarised in Table 10-7.

Tensile stress vs. strain diagrams (displacement recording of
extensometer and crosshead) of OPTIFER XI after irradiation to 12 dpa at
337.5 °C, the test conditions and the assessment results are summarised
in Table 10-8.

Tensile stress vs. strain diagrams (displacement recording of
extensometer and crosshead) of OPTIFER XIlI after irradiation to 12 dpa
at 337.5 °C, the test conditions and the assessment results are
summarised in Table 10-9.

Tensile stress vs. strain diagrams (displacement recording of
extensometer and crosshead) of EURODShip with 0.5 wt.% Y,0; after
irradiation to 70.1 dpa at 331.5 °C, the test conditions and the assessment
results are summarised in Table 10-10.
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10-22

10-23

Tensile stress vs. strain diagrams (displacement recording of
extensometer and crosshead) of EURODShip with 0.5 wt.% Y,0; after
irradiation to 12 dpa at 337.5 °C, the test conditions and the assessment
results are summarised in Table 10-11.

Tensile stress vs. strain diagrams (displacement recording of
extensometer and crosshead) of EURODShip with 0.3 wt.% Y,0; after
irradiation to 12 dpa at 337.5 °C, the test conditions and the assessment
results are summarised in Table 10-12.

Tensile stress vs. strain diagrams (displacement recording of
extensometer and crosshead) of EUROF-EB after irradiation to 70.1 dpa
at 331.5 °C, the test conditions and the assessment results are
summarised in Table 10-13.

Tensile stress vs. displacement diagrams (displacement recording of
crosshead) of 1xHIP diffusion welded EUROFER 97 after irradiation to
36.2 dpa at 336.8 °C. The test conditions and the assessment results are
summarised in Table 10-15.

Tensile stress vs. displacement diagrams (displacement recording of
crosshead) of 2xHIP diffusion welded EUROFER 97 after irradiation to
36.2 dpa at 336.8 °C. The test conditions and the assessment results are
summarised in Table 10-17.

Photographs (macro) of the tensile tested EUROFER 97 specimens:
E1 06 (Twst=350 °C), E1 07 (Tst=350 °C after annealing at 550 °C/3 h),
E1 08 (Test=20 °C).

Photographs (macro) of the tensile tested EUROFER 97 specimens:
E1 09 (Twes=350 °C after annealing at 550 °C/1 h), E1 34 (T =20 °C),
E1 35 (Tst=350 °C).

Photographs (macro) of the tensile tested EUROFER 97 specimens:
E1 36 (Twe=350 °C after annealing at 550 °C/3 h), E1 37 (T+=350 °C
after annealing at 550 °C/1 h), E1 38 (T=350 °C after annealing at 550
°C/ 70" h).

Photographs (macro) of the tensile tested EUROFER 97 HT specimens:
E2 06 (Twst=350 °C), E2 07 (Ts=350 °C after annealing at 550 °C/3 h),
E2 08 (Tst=20 °C).

Photographs (macro) of the tensile tested F82H-mod. specimens: F 06
(Twest=350 °C), F 07 (Ts=350 °C after annealing at 550 °C/3 h), F 08
(Test=20 °C).

Photographs (macro) of the tensile tested ADS 2 specimens: A2 01
(Test=20 °C), A2 02 (Ts=350 °C), A2 03 (T=350 °C after annealing at
550 °C/3 h).

Photographs (macro) of the tensile tested ADS 3 specimens: A3 01
(Test=20 °C), A3 02 (Tst=350 °C), A3 03 (Ts=350 °C after annealing at
550 °C/3 h).

Photographs (macro) of the tensile tested EB welded EUROFER
specimens: C 093 (Tws=250 °C), C 094 (T =300 °C), C 095 (Tiest =
350 °C).
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Photographs (macro) of the tensile tested EB welded EUROFER
specimens: C 096 (Ts=350 °C after annealing at 550 °C/3 h), C 097
(Ttest=20 OC)-

Photographs (macro) of the tensile tested OPTIFER XIll specimens: 12 01
(Test=20 °C), 12 02 (Tst=350 °C), 12 03 (Tst=350 °C after annealing at
550 °C/3 h).

Photographs (macro) of the tensile tested OPTIFER Xl specimens: 11 01
(Twest=20 °C), 11 02 (Ts=350 °C), 11 03 (T(+=350 °C after annealing at
550 °C/3 h).

Photographs (macro) of the tensile tested EURODShip (EUROFER ODS
with 0.5 wt.% Y,03) specimens: EO 02 (Tt=350 °C), EO 04 (Ts=350 °C
after annealing at 550 °C/3 h), EO 07 (Ts=20 °C).

Photographs (macro) of the tensile tested EURODShip (EUROFER ODS
with 0.5 wt.% Y,03) specimens: EO 29 (Ts=20 °C), EO 30 (Ts=350 °C).
Photographs (macro) of the tensile tested EODShip3 (EUROFER ODS
with 0.3 wt.% Y,03) specimens: O3 01 (Tst=20 °C), O3 02 (T(st=350 °C),
03 03 (Tst=350 °C after annealing at 550 °C/3 h).

Stress vs. strain for E1 10 (70.8 dpa/334 °C).

Peak tensile stress vs. number of cycles for E1 10 (70.8 dpa/334 °C).
Stress vs. strain for E1 11 (70.8 dpa/334 °C).

Peak tensile stress vs. number of cycles for E1 11 (70.8 dpa/334 °C).
Stress vs. strain for E1 12 (70.8 dpa/334 °C).

Peak cyclic stresses vs. number of cycles for E1 12 (70.8 dpa/334 °C).
Stress vs. strain for E1 13 (70.8 dpa/334 °C).

Peak cyclic stresses vs. number of cycles for E1 13 (70.8 dpa/334 °C).
Stress vs. strain for E1 19 (46.8 dpa/337.5 °C).

Peak tensile stress vs. number of cycles for E1 19 (46.8 dpa/337.5 °C).
Stress vs. strain for E1 20 (46.8 dpa/337.5 °C).

Peak tensile stress vs. number of cycles for E1 20 (46.8 dpa/337.5 °C).
Stress vs. strain for E1 21 (46.8 dpa/337.5 °C).

Peak tensile stress vs. number of cycles for E1 21 (46.8 dpa/337.5 °C).
Stress vs. strain for E2 10 (70.8 dpa/334.0 °C).

Peak tensile stress vs. number of cycles for E2 10 (70.8 dpa/334.0 °C).
Stress vs. strain for E2 11 (70.8 dpa/334.0 °C).

Peak tensile stress vs. number of cycles for E2 11 (70.8 dpa/334.0 °C).
Stress vs. strain for E2 12 (70.8 dpa/334.0 °C).

Peak tensile stress vs. number of cycles for E2 12 (70.8 dpa/334.0 °C).
Stress vs. strain for E2 13 (70.8 dpa/334.0 °C).

Peak tensile stress vs. number of cycles for E2 13 (70.8 dpa/334.0 °C).
Stress vs. strain for E2 19 (46.8 dpa/337.5 °C).

Peak tensile stress vs. number of cycles for E2 19 (46.8 dpa/337.5 °C).
Stress vs. strain for E2 20 (46.8 dpa/337.5 °C).

Peak stress vs. number of cycles for E2 20 (46.8 dpa/337.5 °C).

Stress vs. strain for E2 21 (46.8 dpa/337.5 °C).

Peak stress vs. number of cycles for E2 21 (46.8 dpa/337.5 °C).

Stress vs. strain for E2 22 (46.8 dpa/337.5 °C).

Peak stress vs. number of cycles for E2 22 (46.8 dpa/337.5 °C).
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Stress vs. strain for F13 (46.8 dpa/337.5 °C).

Peak stress vs. number of cycles for F13 (46.8 dpa/337.5 °C).
Stress vs. strain for F14 (46.8 dpa/337.5 °C).

Peak stress vs. number of cycles for F14 (46.8 dpa/337.5 °C).
Stress vs. strain for F15 (46.8 dpa/337.5 °C).

Peak stress vs. number of cycles for F15 (46.8 dpa/337.5 °C).
Stress vs. strain for F16 (46.8 dpa/337.5 °C).

Peak stress vs. number of cycles for F15 (46.8 dpa/337.5 °C).
Stress vs. strain for OT 01 (70.8 dpa/334.0 °C).

Peak stress vs. number of cycles for OT 01 (70.8 dpa/334.0 °C).
Stress vs. strain for OT 02 (70.8 dpa/334.0 °C).

Peak stress vs. number of cycles for OT 02 (70.8 dpa/334.0 °C).
Stress vs. strain for OT 03 (70.8 dpa/334.0 °C).

Peak stress vs. number of cycles for OT 03 (70.8 dpa/334.0 °C).
Stress vs. strain for OT 04 (70.8 dpa/334.0 °C).

Peak stress vs. number of cycles for OT 04 (70.8 dpa/334.0 °C).
Stress vs. strain for A910 (46.8 dpa/337.5 °C).

Peak stress vs. number of cycles for A910 (46.8 dpa/337.5 °C).
Stress vs. strain for A911 (46.8 dpa/337.5 °C).

Peak stress vs. number of cycles for A911 (46.8 dpa/337.5 °C).
Stress vs. strain for A912 (46.8 dpa/337.5 °C).

Peak stress vs. number of cycles for A912 (46.8 dpa/337.5 °C).
Stress vs. strain for A913 (46.8 dpa/337.5 °C).

Peak stress vs. number of cycles for A913 (46.8 dpa/337.5 °C).
Stress vs. strain for A913 (46.8 dpa/337.5 °C).

Peak stress vs. number of cycles for A914 (46.8 dpa/337.5 °C).
Stress vs. strain for A905 (70.8 dpa/334.0 °C).

Peak stress vs. number of cycles for A905 (70.8 dpa/334.0 °C).
Stress vs. strain for A906 (70.8 dpa/334.0 °C).

Peak stress vs. number of cycles for A906 (70.8 dpa/334.0 °C).
Stress vs. strain for A907 (70.8 dpa/334.0 °C).

Peak stress vs. number of cycles for A907 (70.8 dpa/334.0 °C).
Stress vs. strain for A908 (70.8 dpa/334.0 °C).

Peak stress vs. number of cycles for A908 (70.8 dpa/334.0 °C).
Stress vs. strain for A909 (70.8 dpa/334.0 °C).

Peak stress vs. number of cycles for A909 (70.8 dpa/334.0 °C).
Stress vs. strain for EO 11 (46.8 dpa/337.5 °C).

Peak stress vs. number of cycles for EO 11 (46.8 dpa/337.5 °C).
Stress vs. strain for EO 13 (46.8 dpa/337.5 °C).

Peak stress vs. number of cycles for EO 13 (46.8 dpa/337.5 °C).
Stress vs. strain for EO 14 (46.8 dpa/337.5 °C + 550 °C/3 h).

Peak stress vs. number of cycles for EO 14 (46.8 dpa/337.5 °C + 550

°C/3 h).

Stress vs. strain for EO 16 (46.8 dpa/337.5 °C).

Peak stress vs. number of cycles for EO 16 (46.8 dpa/337.5 °C).
Stress vs. strain for EO 18 (46.8 dpa/337.5 °C).

Peak stress vs. number of cycles for EO 18 (46.8 dpa/337.5 °C).
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11-77 Stress vs. strain for A2 04 (70.8 dpa/334.0 °C).

11-78 Peak tensile stress vs. number of cycles for A2 04 (70.8 dpa/334.0 °C).
11-79 Stress vs. strain for A2 05 (70.8 dpa/334.0 °C).

11-80 Peak tensile stress vs. number of cycles for A2 05 (70.8 dpa/334.0 °C).
11-81 Stress vs. strain for A2 06 (70.8 dpa/334.0 °C).
11-82 Peak stresses vs. number of cycles for A2 06 (70.8 dpa/334.0 °C).
11-83 Stress vs. strain for A2 07 (70.8 dpa/334.0 °C).

11-84 Peak stresses vs. number of cycles for A2 07 (70.8 dpa/334.0 °C).
11-85 Stress vs. strain for A3 04 (70.8 dpa/334.0 °C).

11-86 Peak stresses vs. number of cycles for A3 04 (70.8 dpa/334.0 °C).
11-87 Stress vs. strain for A3 05 (70.8 dpa/334.0 °C).

11-88 Peak tensile stress vs. number of cycles for A3 05 (70.8 dpa/334.0 °C).
11-89 Stress vs. strain for A3 06 (70.8 dpa/334.0 °C).

11-90 Peak stresses vs. number of cycles for A3 06 (70.8 dpa/334.0 °C).
11-91 Stress vs. strain for A3 07 (70.8 dpa/334.0 °C).
11-92 Peak stresses vs. number of cycles for A3 07 (70.8 dpa/334.0 °C).
11-93 Stress vs. strain for A4 04 (46.8 dpa/337.5 °C).

11-94 Peak stresses vs. number of cycles for A4 04
11-95 Stress vs. strain for A4 05 (46.8 dpa/337.5 °C)
11-96 Peak stresses vs. number of cycles for A4 05 (46.8 dpa/337.5 °C).
11-97 Stress vs. strain for A4 06 (46.8 dpa/337.5 °C).
11-98 Peak stresses vs. number of cycles for A4 06 (46.8 dpa/337.5 °C).
11-99 Stress vs. strain for A4 07 (46.8 dpa/337.5 °C).

11-100 Peak stresses vs. number of cycles for A4 07 (46.8 dpa/337.5 °C).
11-101 Stress vs. strain for C 098 (70.1 dpa/331.5 °C).

11-102 Peak tensile stress vs. number of cycles for C 098 (70.1 dpa/331.5 °C).
11-103 Stress vs. strain for C 099 (70.1 dpa/331.5 °C).

11-104 Peak tensile stress vs. number of cycles for C 099 (70.1 dpa/331.5 °C).
11-105 Stress vs. strain for C 100 (70.1 dpa/331.5 °C).

11-106 Peak tensile stress vs. number of cycles for C 100 (70.1 dpa/331.5 °C).
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11-107 SEM micrographs of E1 21 (47 dpa/337 °C) after LCF test at Agior= 1.1%

at 330 °C: a) an overall view; b) fracture appearances close to the
specimen surface; c) fracture appearances in the middle area of the
fatigue crack propagation; d) fracture appearances close to the end the
fatigue crack propagation.

11-108 SEM micrographs of E1 10 (71 dpa/334 °C) after LCF test at A&=1.0%

at 330 °C: a) an overall view; b) fracture appearances close to the
specimen surface; c) fracture appearances in the middle area of the
fatigue crack propagation; d) fracture appearances close to the end the
fatigue crack propagation.

11-109 SEM micrographs of E2 12 (71 dpa/334 °C) after LCF test at Agiot = 0.9%

at 330 °C: a) an overall view; b) fracture appearances close to the
specimen surface; c) fracture appearances in the middle area of the
fatigue crack propagation; d) fracture appearances close to the end the
fatigue crack propagation.

11-110 SEM micrographs of F 13 (47 dpa/ 337 °C) after LCF test at A&t = 0.9%

at 330 °C: a) an overall view; b) fracture appearances close to the
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specimen surface; c) fracture appearances in the middle area of the
fatigue crack propagation; d) fracture appearances close to the end the
fatigue crack propagation.

Fig. 11-111 SEM micrographs of F 15 (47 dpa/ 337 °C) after LCF test at Agit = 1.0%
at 330 °C: a) an overall view; b) fracture appearances close to the
specimen surface; c) fracture appearances in the middle area of the
fatigue crack propagation; d) fracture appearances close to the end the
fatigue crack propagation.

Fig. 11-112 SEM micrographs of F 16 (47 dpa/ 337 °C) after LCF test at Agi,t= 1.1%
at 330 °C: a) an overall view; b) fracture appearances close to the
specimen surface; c) fracture appearances in the middle area of the
fatigue crack propagation; d) fracture appearances close to the end the
fatigue crack propagation.

Fig. 11-113 SEM micrographs of OT 02 (71 dpa/ 334 °C) after LCF test at Agy =
0.8% at 330 °C: a) an overall view; b) fracture appearances close to the
specimen surface; c) fracture appearances in the middle area of the
fatigue crack propagation; d) fracture appearances close to the end the
fatigue crack propagation.

Fig. 11-114 SEM micrographs of EO 13 (47 dpa/ 337 °C) after LCF test at Ag =
1.2% at 330 °C: a) an overall view; b) fracture appearances close to the
specimen surface; ¢) and d) fracture appearances in the middle area of
the fatigue crack propagation.
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Introduction

1 Introduction

The growing energy demand in the world along with the limited capacity of fossil energy
sources makes the development of alternative energy sources indispensable. Fusion re-
search aims at demonstrating that this energy source can be used to produce electricity in a
safe and environmentally friendly way, with abundant fuel resources. The feasibility of energy
generation by means of fusion has to be demonstrated in the Demonstration Power Plant
(DEMO) which is intended to be built after the expected successful operation of ITER (Inter-
national Thermonuclear Experimental Reactor). The development and validation of DEMO
relevant structural materials and adequate joining technologies, therefore, belong to the key
tasks within the European long term fusion R&D programme.

Structural Materials for the in-vessel components of a future energy generating Fusion Reac-
tor (FR) will be exposed to high neutron and thermo-mechanical loads. Accumulated neutron
displacement damage of up to 150 dpa along with transmutation helium and hydrogen gen-
erated in the structure materials due to 14.1 MeV fusion neutrons will strongly influence ma-
terial embrittlement behaviour. Reduced Activation Ferritic/Martensitic (RAFM) steels are
primary candidate structural materials for the First Wall (FW) and helium cooled Breeding
Blanket (BB) with operating temperatures between 350 and 550 °C [1]. Since a facility pro-
viding a fusion reactor relevant neutron spectrum, like IFMIF, is not yet available, the irradia-
tion performance of structural materials is often investigated in irradiation experiments per-
formed in various Material Test Reactors [2],[3][4],[5],[6],[7],[8],[9]. Although the radiation
damage resistance of RAFM steels is superior to that of conventional Ferritic/Martensitic
steels, the low temperature (<350 °C) irradiation hardening, accompanied by embrittlement
and reduced ductility, did not reach saturation up to 30 dpa and remains the limiting factor for
material application, indicating further needs of material development as well as new ap-
proaches in BB design optimisation [3],[5],[10],[11],[12],[13],[14],[15],[16].[17].

2 ARBOR 2 Irradiation Programme

2.1 Overview

A cooperation between Karlsruher Institut flir Technologie (formerly Forschungszentrum
Karlsruhe, FZK) and Joint Stock Company “State Scientific Centre Research Institute of
Atomic Reactors” (SSC RIAR) was implemented for investigation and analysis of the me-
chanical properties and microstructure of the European reference structural material EURO-
FER 97, its Oxide Dispersion Strengthened (ODS) variants, selected technological speci-
mens and other international RAFM steels after irradiation up to 70 dpa in a temperature
range between 332 and 338 °C. The irradiation project “Associated Reactor Irradiation in
BOR 60” is named “ARBOR® (Latin for tree). Within the framework of the ARBOR 1 irradia-
tion programme the mechanical properties and microstructure of RAFM steels were investi-
gated after irradiation up to a damage dose of 33 dpa [9]. In the subsequent ARBOR 2 irra-
diation programme the structural materials were irradiated up to a damage dose of 71 dpa,
which is a further step towards fusion relevant damage doses.
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2.2 Irradiated materials

EUROFER 97

An industrial batch of the European RAFM steel EUROFER 97 was produced by Béhler Aus-
tria GmbH. The chemical compositions of the steels along with the heat denomination are
indicated in Table 7-1. Part of the specimens (labelled EUROF 1 = EUROFER 97) has been
machined from 25 mm thick EUROFER 97 plates in the as-delivered state (i.e. austenitizing
at 980 °C followed by tempering at 760 °C). In order to study the influence of a higher aus-
tenitizing temperature on a laboratory scale, other part of specimens (labelled EUROF 2 =
EUROFER 97 HT) has been machined from EUROFER 97 plates subjected to a heat treat-
ment at an austenitizing temperature of 1040 °C. Table 7-2 lists the heat treatment conditions
along with selected properties of the investigated materials.

Reference RAFM steels

The Japanese RAFM steel F82H mod. is implemented as international reference steel (as
received: 1040 °C 38 min/air cooled + 750 °C 2 h/air cooled), see Table 7-1 for steel’s
chemical composition. The German development OPTIFER IVc (labelled OPT IVc) (950 °C
30 min/air cooled + 750 °C 2 h/air cooled) is included as reference material to be compared
to results from the HFR-irradiations. The recent developments of OPTIFER series alloys, i.e.
OPTIFER XI (labelled OPT Xl) (950 °C 30 min/air cooled+ 750 °C 120 min/air cooled) and
OPTIFER Xl (labelled OPT XII) (950 °C 30 min/air cooled + 750 °C 120 min/air cooled) have
also been included in the irradiated matrix. The Nuclear Research and consultancy Group
(NRG), Petten, contributed with a British Steel batch of EUROFER 97 (labelled BS-EUROF)
(as received: 1050 °C 60 min/air cooled + 760 °C 120 min/air cooled).

ODS steels

The European RAFM steel EUROFER 97 was chosen for the production of two variants of
ODS steels with different Y,03; contents (0.3 and 0.5 wt%) [18]. The production process in-
cluded inert gas atomisation of EUROFER and subsequent mechanical alloying in industrial
ball mills. Hot Isostatic Pressing (HIP) was chosen as the appropriate consolidation process.
The material denominations are (i) EODShip 3 for 0.3 wt% Y,03; content (980 °C 31 min/air
cooled+ 760 °C 90 min/air cooled) and (ii) EURODShip for 0.5 wt% Y,03 content (980 °C 31
min/air cooled + 760°C 90 min/air cooled).

Technological specimens

In addition to base materials two EUROFER 97 weld joints were included in the ARBOR 2
irradiation programme.

The NRG, Petten, provided electron beam welded EUROFER 97 (labelled EUROF-EB). The
Post Weld Heat Treatment (PWHT) was done at 730 °C for 120 min and was followed by air
cooling.

KIT contributed to technological studies by investigating diffusion welded EUROFER 97 (la-
belled FZK DW). The impact and miniaturised tensile specimens were machined from the

First Wall and Cooling Plates (CP) component mock-ups produced in diffusion welding ex-

2
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periments using HIP. The components were welded in one (1xhip) or two (2xhip) successive
HIP welding steps. Finally, all components were subjected to PWHT at 750 °C for 120 min.

Boron doped steels

The experimental heats ADS 2 (OPTIFER-VIII), ADS 3 and ADS4 with the basic composition
of EUROFER 97 doped with different contents of natural boron and the separated 'B-
isotope (0.008-0.112 wt.%) were produced by a material development group of KIT to study
the effects of helium generation [19]. In order to exclude significant differences in the micro-
structure, ADS 2 and ADS 3 were doped nearly with the same amount (82 wppm) of natural
boron and separated '°B isotope, respectively. All three boron doped steels underwent the
same heat treatment of 1040 °C 31 min/air cooled + 760 °C 90 min/air cooled.

2.3 Specimens

Based on the knowledge gained from earlier fatigue experiments a tensile/low cycle fatigue
specimen geometry was developed and optimised by finite element calculations using differ-
ent material models, see Fig. 2-1. A special emphasis was put on the radius of curvature at
the end of the gauge length to achieve homogeneous stress-strain fields throughout the
gauge volume under uniaxial push-pull fatigue testing conditions [6]. The surface quality after
the radial grinding procedure is Ryax = 2.5 pm.

$3-0.02
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Fig. 2-1 Tensile/Low Cycle Fatigue specimen (all dimensions in mm).

The KLST miniaturised impact specimen geometry is according to DIN 50115: 27 x 3 x 4
mm? with 1 mm notch depth and has a weight of: 2.4744 g. It was already used in former
irradiation programmes (MANITU, HFR Ia, HFR Ib, SPICE). The KLST-specimens have two
mechanically made engravings on left and right sides. They are labelled by a four-sign code,
consisting of one or two letters for the material and two or three digits for the serial number.
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For reliable determination of the Ductile to Brittle Transition Temperature (DBTT), a set of at
least 6 specimens is necessary [6]. The KLST impact specimen is depicted in Fig. 2-2.

600 +2

l T w

4 002 \4\R 0, 1 *0025 i ::5) +0,02

I| 3 *002

13,5 +0,02

2 7 *+0,05

Fig. 2-2 KLST impact specimen (all dimensions in mm); Detail the specimen notch.

Double-T shaped specimens were used for the investigation of the tensile properties of FZK
diffusion welds. Welding seams are transverse to the specimen longitudinal direction and are
positioned in the middle of the specimens.

R0O.3 — 6, Fig. 2-3 Double-T shaped specimen for
U the tensile testing of diffusion welds.
L
00) . 1
J
£
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2.4 Specimen preparation and delivery

The specimens for the ARBOR irradiation programme were fabricated at FZK’s central work-
shop. All specimens were measured and comply with the tolerance dimensions indicated in
the drawings.

All KLST-specimens and LCF/Tensile-specimens were cleaned in the following way:

10 minutes in ultrasonic bath with acetone and dried.
cleaned with isopropyl alcohol.
5 minutes in ultrasonic bath with isopropyl alcohol and dried with hot air from fan.

This procedure was performed on 20.9.2000 by D. Rodrian. All KLST-specimens and
LCF/Tensile-specimens were packed in packages of 10 in 3 segments of a plastic box in the
right sequence of numbering to be implemented in one capsule of the BOR 60 irradiation rig.
This procedure was performed on 22.9.2000 by D. Rodrian and C. Petersen.

The specimens were handed over to SSC RIAR on 17. October 2000. An associated techni-
cal documentation was delivered as well.

2.5 BORG60

The BOR 60 experimental fast reactor, Fig. 2-4, started operation in December 1969. Initially
designed for solving physical and technical problems of fast power reactors with sodium
coolant, it is nowadays also widely used as irradiation facility for material science purposes.
With a reactor core dimension of 460 mm height and 550 mm in equivalent diameter, differ-
ent irradiation positions are available. The cell D-23 was selected for the first campaign, be-
cause in this position a direct temperature measurement by thermocouple during irradiation
is possible.

Fig. 2-4 Reactor building of BOR 60.
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2.6 Irradiation assembly

The ARBOR 2 irradiation experiment was performed with an irradiation rig already used in
the ARBOR 1 programme shown in Fig. 2-5. The device of outer hexagon size of 45 mm,
and specimen capsule diameter of 39 mm is based on a previously used design with heat
insulation against the surrounding fuel assemblies to provide relatively low irradiation tem-
peratures. The irradiation device is cooled by liquid sodium from the reactor high-pressure
chamber, which allows a sufficiently large coolant flow rate (of the order of 7 m% h) and a
relatively low gamma heating rate of approximately 5 watts/g (leading to an increase of tem-
perature by about 10-15 °C over the assembly length).

The irradiation device can carry 10 to 11 capsules each of 30 mm in height. Each capsule
can contain either 30 LCF/Tensile or impact specimens. Within the ARBOR 2 irradiation pro-
gramme KIT irradiated 144 LCF/Tensile- and 124 Charpy impact specimens.

2.7 Dosimetry

The irradiation rig is instrumented with neutron monitors, as indicated in Fig. 2-6 schemati-
cally; they are arranged in the central tube and on three of ten levels of specimen positions
as well as with three temperature detectors also on three of ten levels.

During special reactor spectrometry experiments a large number of different material foils
(about 50) were irradiated, their activity was measured and the spectrum was unfolded by
using MIXER computer code [20].

The calculation of the damage dose values for ferritic steel specimens was conducted using
SPECTER code [21]. In this case a neutron energy spectrum in cell D-23 was used that was
measured in the previously performed dosimetry experiments and normalised for measured
neutron fluence values with energies higher than 3, 4.6 and 7 MeV.

Metal foils with 0.1 mm thickness were used for the neutron monitor production. They were
cut into discs having 1.0 mm diameter. All detectors were washed in a weak solution of nitric
acid, in alcohol and then they were weighted with a “Sartorius” balance. The monitor sets
were placed into labelled quartz ampoules having 3 mm diameter and 13 mm height. After
irradiation the absolute measurement of y-ray activity was performed.

During material science experiments only few different material foils (usually natural iron,
niobium and titanium as well as of enriched copper: ®*Cu — 99.6%,) were irradiated and
measured. The details of damage dose calculation for EUROFER 97 steel are given in [9].
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Fig. 2-5 Dismountable assembly with a thermocouple. (Detail: Capsule filled with KLST mini impact
specimens).
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Fig. 2-6 Scheme of the neutron and temperature monitors location in the suspensor.
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For the ARBOR 2 experiment the fluence was evaluated by means of dosimetric measure-
ments and calculations. The controlled neutron fluence values (E,>0.1 and 0.5 MeV), aver-
aged ones, recalculated by four threshold reactions, as well as damage dose values (aver-
age, fluence E, > 3 and 1 MeV) for the ARBOR 2 Irradiation Rig (IR) are presented in Table
2-1. For the 9" level the dose indicated in brackets is the dose received by the specimens
loaded in a late stage.

Level Distance from Neutron fluence Damage Dose
IR central plane (10% cm2) (dpa)
(mm)
E.> 0.1 MeV E,> 0.5 MeV

11 150 4.91 2.64 27.0
10 120 5.63 3.02 31.0

9 90 6.10 3.27 33.1 (~12.0)
8 60 6.59 3.54 36.2
7 30 6.75 3.62 37.3
6 “0” 6.90 3.70 38.3
5 -30 7.11 3.82 38.7
4 -63 6.93 3.72 38.3
3 -96 6.86 3.68 37.6
2 -126 6.50 3.49 35.9
1 -158.5 6.11 3.28 33.6

Monitor No. Damage Dose

(dpa)
18 5.44 2.92 30.1
11 19 5.00 2.68 27.5
20 5.00 2.69 27.5
15 6.73 3.61 37.2
6 16 7.47 4.01 41.4
17 7.03 3.78 38.8
12 7.28 3.91 40.1
3 13 6.72 3.61 37.1
14 6.96 3.74 37.9

Table 2-1: Controlled neutron fluence and damage dose of ARBOR 2 IR (SSC RIAR). Within
this report the calculated dpa values were used for levels 1,2,4,5 and 7-10, whereas for lev-
els 3, 6 and 11 the dpa values averaged over three neutron monitors’ data were applied.

Based on the measurements of neutron monitors located on the 11", 6" an 3™ levels of the
rig periphery at an azimuthal angle of 120 °C to each other, it is seen that the averaged dam-
age dose is higher than the calculated dose by 1.4 dpa at 11" level, by 0.8 dpa at 6" level
and by 0.7 dpa at 3™ level.
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2.8

Irradiation conditions

Table 2-2 shows the material loading matrix for the ARBOR 2 irradiation programme. The
capsule identification numbers as well as specimen type identification notations (i.e. Tensile,
LCF, Impact, Mixed) are indicated in a table head. The capsules already irradiated within the
ARBOR 1 irradiation are marked. The identification of material heats and thermal treatments
are outlined in Table 7-2. The OPTIMAX alloys were delivered by CRPP-EPFL.

EUROF 2
EUROF 2
EUROF 2
EUROF 2
[F82H-mod.

EUROF 2

FZK DW H1
FZK DW H1
FZK DW H1
FZK DW H1
FZK DW H1
FZK DW H1
FZK DW H1

EUROF 2 FZK DW H1

EUROF 2

F82H-mod.
F82H-mod.
F82H-mod.
EURODShip
EURODShip
EURODShip
EURODShip

EUROF 2

EUROF 2

EUROF 2

EUROF 2

EUROF 2

EUROF 2

EUROF 2

EUROF 2

EUROF 2

EUROF 2

EUROF 2

EUROF 2

EUROF 2

F82H-mod.

FZK DW H1
FZK DW H1
FZK DW H1
FZK DW H1
FZK DW H1
FZK DW H1
FZK DW H1
FZK DW H2

FZK DW H2
FZK DW H2
FZK DW H2
FZK DW H2
FZK DW H2
FZK DW H2
FZK DW H2

EURODShip

EURODShip

EURODShip

EURODShip

EURODShip

EURODShip

EURODShip

FZK DW H2
FZK DW H2
FZK DW H2
FZK DW H2
FZK DW H2
FZK DW H2
FZK DW H2

OPTIMAX

UROF 2
EUROF 2
EUROF 2

UROF 2

UROF 2
F82H-mod.
F82H-mod.

82H-mod.

82H-mod.

82H-mod.
ADS 4
ADS 4

DS 4

)>)U>)> m[m[m m|m m
(7]
N

DS 4

EURODShip

EURODShip
EURODShip

EURODShip

EURODShip

EURODShip
EURODShip

EURODShip

EURODShip

EODShip 3

FZK FZK FZK FZK
new new new new
capsule 3 capsule 5 capsule 6 capsule 7 capsule 8 capsule 9 | capsule 9a | capsule 10 | capsule 11
Tensile LCF Impact Impact Mixed LCF Mixed Mixed Impact

FZK DW H1
FZK DW H1
FZK DW H1
FZK DW H1
FZK DW H2
FZK DW H2
FZK DW H2
FZK DW H2
OPTIMAX
OPTIMAX
OPTIMAX
OPTIMAX
OPTIMAX
OPTIMAX
OPTIMAX
OPTIMAX
OPTIMAX
OPTIMAX
EODShip 3
EODShip 3
EODShip 3
EODShip 3
EODShip 3
EODShip 3
EODShip 3
EODShip 3
EODShip 3

EURODShip

EURODShip

EODShip 3

EODShip 3

EURODShip

EURODShip

EODShip 3

EODShip 3

EURODShip

EURODShip

EODShip 3

EODShip 3

EURODShip

EODShip 3

OPTIMAX

OPTIMAX

Table 2-2: Material loading matrix for ARBOR 2 irradiation.

Table 2-3 shows the specimen loading matrix. The specimen type identification letters are
indicated. In addition to specimens for mechanical characterization, capsule 8 included 3 mm
Punch Discs for TEM investigations. Flat tensile specimens A1-A7, A9, A10, A13-A23 as well
as Charpy impact specimens A1-A10 were delivered from CRPP-EPFL (The post irradiation
mechanical testing of these specimens has not been performed within the current campaign).

10
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Ch:, C: = KLST impact specimens
T:, Ts: = Tensile & mini-LCF specimens
TEM AP = 3mm Punch Discs for TEM
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EH2 01
EH2 02
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FZK FZK FZK FZK
new new new new
capsule 3 capsule 5 capsule 6 capsule 7 capsule 8 capsule 9 | capsule 9a | capsule 10 | capsule 11
Tensile LCF Impact Impact Mixed LCF Mixed Mixed Impact

Ch: E O 36

Ch: EOQ37

:EF12 01
: EF12 02
:EF12 03

EF12 04
EF22 01
EF22 02
EF22 03
EF22 04
A1
A2
A3
A4
A5
A6
A7

Ch: E O 38

T: 03 02

EO 16 Ts:EO029 |T:0303 03 11
EO 18 Ts:EO30 |T:0304 0312
Ts:EO31 |T:0305

T: A1-7; A9-10

TEM AP |

Table 2-3: Specimen loading matrix for ARBOR 2 irradiation.

Capsule N [[capsule 3 Joapsule 5 capsule 6 capsule 7 Jcapsuie 8 [oapsule 9 [capsuie 9a [capsule 10 Joapsuie 11 ]

Tensile LCF Charpy Charpy Mixed LCF Mixed Mixed Charpy
Position from center [mm] -110...-80 -44...-14 -14..416 | +16...+46 | +46...+76 | +76...+106 | +76...+106 | +106...+136 | +136...+166
Mean position [mm] -95 -29 1 31 61 91 91 121 151
Mean temperature [°C] 331.50 334.00 334.90 336.80 336.80 337.50 337.50 338.40 338.40
Measured central values [dpa] 31.70 32.10 30.70 27.60 25.70

Calculated/Measured values [dpa]

Cummulative damage dose [dpa]

Legend:
ARBOR 1

Table 2-4: Calculated/measured damage doses in ARBOR 1 and ARBOR 2 experiments and
calculated temperature vs. capsule position.



Post Irradiation Examination (PIE)

Damage doses and calculated temperatures vs. capsule positions for ARBOR 1 and ARBOR
2 irradiations are given in Table 2-4. It is important to point out that fusible temperature moni-
tors for 343 and 420 °C (capsule 9) have not been damaged during the whole irradiation.

2.9 Performance of the irradiation experiment

The irradiation experiment ARBOR 2 started in the fourth quarter of 2002. After thermal
physical calculations, the manufacturing and implementation of neutron monitors as well as
the loading of the samples, hydraulic testing of complete irradiation device was performed.
After a short-term experiment performed in D-23 cell in March 2003 the main irradiation cam-
paign was launched in an identical position G-23 in the 5™ row of the core. The newly loaded
specimens were irradiated to damage doses up to 36 dpa, whereas the specimens pre-
irradiated in ARBOR 1 programme reached cumulative damage doses up to 71 dpa. The
irradiation ended in May 2005. The final analysis of the neutron monitors was available in
December 2005.

3 PostIrradiation Examination (PIE)

After decontamination of the specimens the post irradiation mechanical testing of the se-
lected specimens of the ARBOR 2 irradiation, see Table 8-1, was performed at the material
science laboratory of SSC RIAR under the ISTC Partner Project #2781p. The testing facilities
were repaired and calibrated before starting the examination of the irradiated specimens.
The mechanical testing of ARBOR 2 irradiated specimens started in the second quarter of
2007 and lasted till the second quarter of 2010.

Fig. 3-1 Instrumented impact testing facility with specimen transporting system, cooling facil-
ity/furnace and specimen positioning system implemented in the hot cells of SSC RIAR.
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The instrumented impact tests on irradiated KLST specimens were performed with an in-
strumented ZWICK 5113-HKE impact testing facility installed in the hot cell VK-39 of the ma-
terials department of SSC RIAR, see Fig. 3-1. This facility is identical with the one at KIT
used for testing of the unirradiated reference specimens. Both facilities are equipped with 25
J pendulum impact hammers. The strikers of a radius of 2 mm are instrumented with strain
gauges. The specimen support has a distance of 22 mm and the impact velocity is set to
3.85 m/s. The test execution with automatic cooling or heating of the specimen, between
-180 °C and 600 °C, as well as transporting to the striking position is controlled by a PC.
Data are recorded with a sampling rate of 1 MHz.

From the recorded force vs. time curve of each test the oscillatory part of the system was
filtered out by a fast Fourier transformation. The deflection was calculated from the filtered
force vs. time curves by solving the pendulum equation of motion and the impact velocity.
After integration of the force vs. deflection curve, the impact energy, E, was obtained and
plotted vs. test temperature, T, as shown in the following figures.

The impact energy vs. test temperature curves were analysed with respect to the character-
istic values including the Upper Shelf Energy (USE, i.e. maximum in the energy versus tem-
perature diagram) and the ductile-to-brittle transition temperature (DBTT). For the determina-
tion of the DBTT the temperature at USE/2 is used in the most cases.

_ .
Fig. 3-2 Electro-mechanical testing machine with a three-zone furnace and a high tempera-
ture extensometer in the hot cells of SSC RIAR.

The tensile tests were performed with an electro-mechanical testing machine INSTRON
1362 DOLI, Fig. 3-2, which is equipped with a 100 KN load cell, a high temperature furnace
and a strain measurement system. The machine is installed in the K-12 hot cell of SSC
RIAR. Tensile specimens were tested under static (tensile) loading at different temperatures
(RT, 250, 300 and 350 °C) at a strain rate of 3x10° s™. From the load-displacement curves,
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strength and ductility properties including the 0.2% Yield Stress (Ry02), Ultimate Tensile
Strength (Rn,), Uniform Strain (Ag) and Total Strain (A) are calculated. Reduction of area (Z)
was measured from photos of the broken specimens taken after testing.

The strain controlled push-pull (LCF) loading was performed at a constant temperature of
330 °C with different Total Strain ranges (Aeyt) between 0.8% and 1.2% at a common strain
rate of 3x10° s™. The number of cycles to failure (N;) was defined at a point where the peak
tensile stress within a cycle decreased by 30% from its value at a point marking the termina-
tion of the linear dependence of peak tensile stress on the number of cycles (N). In addition,
inelastic strain amplitudes (Agjeiastic) at Ny, were determined for given Total Strain amplitudes
from the hysteresis loops.

The conditions for post irradiation mechanical testing of the specimens from the ARBOR 2
Irradiation are outlined in Table 8-1.

4 Testing Results

4.1 Impact testing

The impact properties of the investigated materials in the irradiated and reference unirradi-
ated states are summarised in Table 4-1.

Materials & EU)EJrT Di?rTT ADBTT HrirEr ulrer AUSE
Irradiation conditions oy o °C ) X J
cc) | o | YO | g ) )

EUROFER 97 as received,

336.8 °C, 64.9 dpa -81.3 152.0 233.3 9.84 6.67 -3.17

EUROFER 97 as received,

334.9. °C, 69.8 dpa -81.3 152.0 233.3 9.84 6.64 -3.20

EUROFER 97 heat treated,

336.8 °C, 64.9 dpa -90.8 123.0 213.8 9.84 5.38 -4.46

EUROFER 97 heat treated,

334.9. °C, 69.8 dpa -90.8 136.0 226.8 9.84 6.04 -3.80

F82H-mod.,

336.8 °C, 64.9 dpa -72.0 184.0 256.0 9.41 4.51 -4.90

OPTIFER XI,

337.5°C, 12.0 dpa -80.5 84.7 165.2 8.08 4.33 3.75

OPTIFER XI,

338.4 °C, 31.0 dpa -80.5 123.3 203.8 8.08 4.05 4.03

OPTIFER XII,

337.5 °C, 12.0 dpa -83.0 87.3 170.3 8.77 5.16 3.61

ADS 2 = EUROF 1 + 82 wppm
natural B, 334.9°C, 69.8dpa

-74.0 238.0 312.0 8.81 3.39 -5.42
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Materials & BEJFT DiE:rTT ADBTT Sf:rEr UIrS;E AUSE
Irradiation conditions (°C)' (°C) (°C) W) ’ (Jj (J)
ADS 3 =EUROF 1 +83wppm | 1040 | 2600 | 3600 | 892 | 381 | -5.11

B, 334.9 °C, 69.8 dpa

EURODShip = EUROF 1 +
0.5% Y,03, 337.5 °C, 12.0 dpa

EODShip 3 = EUROF 1 + 0.3%
Y203, 338.4 °C, 28.4 dpa

135.0 | 134.7* -0.3 2.54 6.07 +3.53*

75.0 - - 6.23 - -

EUROFER 97 Diff. Welded,

338.4 °C, 28.4 dpa i 133.9 i i 4.0 i

Table 4-1: Impact properties of the materials investigated in ARBOR 2; Legend: “-“ not de-
termined; “** apparent values, see text.

EUROFER97
10 - Chg. E83697
@) 980°C/30min + 760°C/90min
— O
S 8 O
>
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5 © e
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g— O unirradiated

21 ® 64.9dpa/336.8°C
® 69.8dpa/334.9°C

T T T T T
-100 0 100 200 300 400
Test Temperature (°C)

Fig. 4-1 Impact energy vs. test temperature curves of EUROFER 97 in the reference unirra-
diated condition and after irradiation to 64.9 dpa/336.8 °C and 69.8 dpa/334.9 °C.

The impact properties of the as-received EUROFER 97 in the reference unirradiated state
and after irradiation up to a damage dose of 70 dpa are shown in Fig. 4-1. The load time dia-
grams of the irradiated EUROFER 97 specimens are shown in Fig. 9-1 and Fig. 9-2. The
temperature dependence of the impact energy is summarised in Table 9-1 and Table 9-2.
The neutron irradiation strongly degrades the impact properties leading to the shift of the
DBTT towards higher temperatures and reduction of the USE. After irradiation to 64.9
dpa/336.8 °C the DBTT is found to be 152 °C yielding an irradiation-induced shift in DBTT
(ADBTT) of 233 °C. Neutron irradiation to 69.8 dpa at 334.9 °C does not yield any further
degradation of DBTT and USE indicating saturation of the impact properties at the achieved
damage doses.
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The impact properties of pre-irradiation heat treated EUROFER 97 HT in the reference unir-
radiated state, after irradiation to a damage dose of 70 dpa and after post-irradiation anneal-
ing (PIA) at 550 °C for 3 h are shown in Fig. 4-2. The load time diagrams of the irradiated
EUROFER 97 HT specimens are shown in Fig. 9-3 and Fig. 9-4. The temperature depend-
ence of the impact energy is summarised in Table 9-3 and Table 9-4. The neutron irradiation
strongly degrades the impact properties leading to the shift of the DBTT towards higher tem-
peratures and reduction of the USE. After irradiation to 64.9 dpa/336.8 °C the DBTT is found
to be 123.0 °C, yielding an irradiation-induced shift in DBTT (ADBTT) of 213.8 °C. Neutron
irradiation to 69.8 dpa at 334.9 °C leads to an additional increase in DBTT by 13 °C only. The
influence of PIA on the impact properties was studied on the selected specimens, see Fig.
4-2. The PIA substantially improves the impact properties of the irradiated specimens. The
post-irradiation annealing of e.g. 70 dpa irradiated EUROFER 97 HT leads to a reduction of
the DBTT from 136 to -43 °C resulting a residual embrittlement of just ADBTT =48 °C.

EUROFER97 HT
Chg. E83697
10 1040°C/30min + 760°C/90min
O
8 ! O O
>
m
S 6-
8 O unirradiated
w4 M 64.9dpa/336.8°C
S B 69.8dpa/334.9°C
8 Il 64.9dpa/336.8°C
c 27 l +550°C/3h
- I 69.8dpa/334.9°C
0 +550°C/3h
T T T T T T
-100 0 100 200 300 400

Test Temperature (°C)

Fig. 4-2 Impact energy vs. test temperature curves of pre-irradiation heat treated EURO-
FER 97 HT in the reference unirradiated condition, after irradiation to 64.9 dpa/ 336.8 °C and
69.8 dpa/334.9 °C and after PIA at 550 °C/3 h.

The impact properties of F82H-mod. in the reference unirradiated state and after irradiation
to 64.9 dpa at 336.8 °C are shown in Fig. 4-3. The load time diagrams of the irradiated
specimens are shown in Fig. 9-5. The temperature dependence of the impact energy is
summarised in Table 9-5. The neutron irradiation strongly degrades the impact properties
leading to the shift of the DBTT towards higher temperatures and reduction of the USE. The
irradiated F82H-mod. behaves somehow poorly compared to the EUROFER steels with re-
spect to both DBTT and USE. After irradiation to 64.9 dpa/336.8 °C the DBTT shift is 256 °C.
The post-irradiation annealing of F82H-mod. leads to substantial recovery of the impact
properties in Fig. 4-2. The residual embrittlement of 106 °C is, however, larger than that of
EUROFER 97 HT (48 °C).
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F82H-mod.
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Fig. 4-3 Impact energy vs. test temperature curves of F82H-mod. in the reference unirradi-
ated condition, after irradiation to 64.9 dpa/ 336.8 °C and after PIA at 550 °C/3 h.

The impact properties of OPTIFER Xl in the reference unirradiated state and after irradiation
to 12.0 dpa at 337.5 °C and to 31.0 dpa at 338.4 °C are shown in Fig. 4-4. The load time
diagrams of the 12.0 dpa/337.5 °C and 31.0 dpa at 338.4 °C irradiated specimens are shown
in Fig. 9-6 and in Fig. 9-7, respectively. The temperature dependences of the impact ener-
gies for the 12.0 dpa/337.5 °C and 31.0 dpa at 338.4 °C irradiated specimens are summa-
rised in Table 9-6 and Table 9-7, respectively. The neutron irradiation strongly degrades the
impact properties already after irradiation to 12 dpa at 337.5 °C leading to a DBTT shift of
165.2 °C towards higher temperatures and to a reduction of upper shelf toughness. The irra-
diation to 31 dpa leads to further material embrittlement yielding ADBTT of 203.8 °C. This
value is comparable to the neutron irradiation induced DBTT shift of 218 °C observed for
ERUFOER97 after irradiation to 31.8 dpa at 332 °C in the ARBOR 1 experiment [9]. The
USE of 31 dpa irradiated OPTIFER Xl is reduced by 4.03 J from the unirradiated reference
value. This value is considerably larger than the USE reduction quantified for ERUFOER97
after irradiation to 31.8 dpa during the ARBOR 1 experiment [9].
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8 OPTIFER XI

1 Chg. 847
71 980°C/30min + 750°C/120min
6 _ [0 unirradiated

] A 12dpa/337.5°C
5 —— 31dpa/338.4°C

Impact Energy (J)
N

T T T T T T T
-100 -50 0 50 100 150 200
Test Temperature (°C)
Fig. 4-4 The impact energy vs. test temperature curves of OPTIFER Xl in the reference unir-
radiated state and after irradiation to 12.0 dpa at 337.5 °C and to 31.0 dpa at 338.4 °C.

The impact properties of OPTIFER Xl in the reference unirradiated state and after irradiation
to 12.0 dpa at 337.5 °C are shown in Fig. 4-5. The load time diagrams of the 12.0 dpa/337.5
°C irradiated specimens are shown in Fig. 9-8. The temperature dependences of the impact
energies of the 12.0 dpa/337.5 °C irradiated specimens are summarised in Table 9-8. The
neutron irradiation leads to a strong degradation of the impact properties compared to the
unirradiated state as summarised in Table 4-1.

OPTIFER XII
950 °C/30 min + 750 °C/120 min

[ unirradiated

S B 12dpa/337.5°C
>
o
2 =
L
©
®
o
£
0 T T T T T T T
-100 -50 0 50 100 150 200

Test Temperature (°C)

Fig. 4-5 The impact energy vs. test temperature curves of OPTIFER Xll in the reference
unirradiated state and after irradiation to 12.0 dpa at 337.5 °C.
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The impact properties of 82 wppm natural boron doped steel ADS 2 in the reference unirra-
diated state, after neutron irradiation to 69.8 dpa at 334.9 °C and after post-irradiation an-
nealing at 550 °C for 3 h are shown in Fig. 4-6. The load time diagrams of the irradiated
specimens are shown in Fig. 9-9. The temperature dependences of the impact energies of
the irradiated specimens are summarised in Table 9-9. The neutron irradiation strongly de-
grades the impact properties leading to a DBTT shift towards higher temperatures and reduc-
tion of the USE. After irradiation to 69.8 dpa at 334.9 °C the DBTT is 238 °C corresponding
to an irradiation induced shift ADBTT of 312 °C. The irradiation induced embrittlement is thus
by 85 °C larger than in 70 dpa irradiated EUROFER 97 HT, which is attributed to the boron-
to-helium transformation under neutron irradiation [22],[17]. The post-irradiation annealing
considerably improves the impact properties leading to the substantial recovery of the DBTT
and to nearly complete recovery of the USE indicating substantial healing of the radiation
defects. The residual embrittlement of 174 °C in ADS 2, however, is still considerably larger
than the residual embrittlement of 48 °C in EUROFER 97 HT indicating strong influence of
the synergy of helium and dpa effects on the evolution of the microstructure in RAFM steels.
Helium bubbles are expected to be stable in the PIA experiments.

ADS2

A = Chg. 806
1040°C/31min
+ 760°C/90min

ADS2 unirradiated
ADS2 69.8dpa/334.9°C
ADS2 69.8dpa/334.9°C
+ 550°C/3h

>y

Impact Energy (J)
SN

0 T T T T T T T
-100 -50 0 50 100 150 200 250 300 350

Test Temperature (°C)

Fig. 4-6 Impact energy vs. test temperature curves of ADS 2 in the reference unirradiated
condition, after irradiation to 69.8 dpa/ 334.9 °C and after PIA at 550 °C/3 h.

The impact properties of 82 wppm '°B doped steel ADS 3 in the reference unirradiated state,
after neutron irradiation to 69.8 dpa at 334.9 °C and after post-irradiation annealing at 550 °C
for 3 h are shown in Fig. 4-7. The load time diagrams of the irradiated specimens are shown
in Fig. 9-10. The temperature dependences of the impact energies of the irradiated speci-
mens are summarised in Table 9-10. The neutron irradiation strongly degrades the impact
properties leading to a shift of the DBTT towards higher temperatures and reduction of the
USE. After irradiation to 69.8 dpa at 334.9 °C the DBTT is 260 °C corresponding to the irra-
diation induced DBTT shift ADBTT of 360 °C. Such a large irradiation induced embrittlement
is a result of the synergy of the dpa and helium effects. About 120 appm helium is estimated
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to be produced in ADS 3 after irradiation to 69.8 dpa as a result of '°B to helium transforma-
tion [17]. The post-irradiation annealing considerably improves the impact properties leading
to a substantial recovery of the DBTT and the USE indicating substantial healing of the radia-
tion defects. The larger residual embrittlement of ADS 3 (210 °C) in comparison to EURO-
FER 97 HT (48 °C) again indicates a strong influence of the synergy of helium and dpa ef-
fects on the evolution of the microstructure under neutron irradiation.

ADS3
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ADS3 69.8 dpa/335°C
+550°C/3h

o
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Fig. 4-7 Impact energy vs. test temperature curves of ADS 3 in the reference unirradiated
condition, after irradiation to 69.8 dpa/ 334.9 °C and after PIA at 550 °C/3 h.

The impact properties of ODS EUROFER (EUROFER 97 with 0.5 wt.% Yttria) in the refer-
ence unirradiated condition and after neutron irradiation to 12.0 dpa at 337.5 °C and to
64.9 dpa at 336.8 °C are shown in Fig. 4-8. The load time diagrams of the specimens after
irradiation to 12.0 dpa at 337.5 °C are shown in Fig. 9-11. The temperature dependence of
the impact energies are summarised in Table 9-11. The load time diagrams of the specimens
after irradiation to 64.9 dpa at 336.8 °C are shown in Fig. 9-12. The temperature dependence
of the impact energies are summarised in Table 9-12. The neutron irradiation to 12 dpa at
337.5 °C leads to specimen failure by delamination at intermediate test temperatures which
substantially increases impact toughness readings and hence results to apparent improve-
ment of irradiation resistance. The corresponding load vs. time diagrams in Fig. 9-11 are
characterized by multiple crack emission and arrest events. The maximum absorbed energy
in the irradiated condition is 6.07 J, which is by 3.53 J larger than the USE in the unirradiated
condition. The pseudo DBTT defined at a temperature where the impact energy reaches
50% value from its maximum level equals 134.7 °C. The impact energy was found to be very
low after irradiation to 64.9 dpa at 336.8 °C even at a test temperature of 500 °C, see Fig.
4-8. The PIA at 550 °C for 3 h only slightly increased the impact energy at 500 °C and the
specimen failed still in a brittle manner.
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The impact tests on another ODS steel EODShip 3 (EUROFER 97 with 0.3 wt.% Yttria) after
irradiation to 28.4 dpa at 338.4 °C yielded brittle fracture up to 250 °C test temperature. The
DBTT and USE could not be determined. The load vs. time diagrams of the specimens after
irradiation to 28.4 dpa at 338.4 °C are shown in Fig. 9-13. The temperature dependence of

the impact energies are summarised in Table 9-13.

7
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Fig. 4-8 Impact energy vs. test temperature curves of ODS EUROFER (EUROFER 97 with
0.5 wt.% Yttria) in the reference unirradiated condition, after neutron irradiation to 12.0 dpa/

337.5 °C, to 64.9 dpa/ 336.8 °C and after PIA at 550 °C/3 h.
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Fig. 4-9 Impact energy vs. test temperature curves of diffusion welded EUROFER 97
specimens in the reference unirradiated state and after irradiation to 28.4 dpa at 338.4 °C.
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The impact tests results of diffusion welded EUROFER 97 specimens in the unirradiated
state and after irradiation to 28.4 dpa at 338.4 °C are shown in Fig. 4-9. The load time dia-
grams of the irradiated specimens are shown in Fig. 9-14. The temperature dependence of
the impact energies are summarised in Table 9-14. The welds produced in one (1xhip) or two
(2xhip) successive HIP welding steps show comparable irradiation performance in Fig. 4-9.
The DBTT in the irradiated state is 133.9 °C and the USE equals 4.0 J. Comparatively, the
DBTT and USE values for the as delivered EUROFER 97 after irradiation to a slightly larger
damage dose of 31.8 dpa at 332 °C [9] were 137 °C and 7.0 J, respectively.

4.1.1 Irradiation dose evolution of embrittlement

Fig. 4-10 shows the evolution of the neutron irradiation induced embrittlement (measured in
impact tests) with dose for EUROFER 97 and F82H steels at irradiation temperatures be-
tween 300 and 337 °C. For comparison the literature results from [23],[15] as well as neutron
irradiation induced embrittlement for OPTIFER steels are also included. In case of EURO-
FER 97, differentiation is made between specimens machined from as-delivered products
and specimens machined from the plates subjected to pre-irradiation HT. The results on
F82H and F82H-mod. are plotted together for different heat treatments and material compo-
sitions [15]. These circumstances partly explain the large data scatter observed for F82H.
The pre-irradiation HT of EUROFER leads to considerable improvement of the irradiation
resistance at doses up to 30 dpa. All three steels show steep increase in the ADBTT with
dose below 10 dpa. This is in a good agreement with a strong embrittlement observed on
F82H for different pre-irradiation heat treatment conditions after irradiation at 300 °C to 5 dpa
[24]. At the achieved doses a clear tendency to saturation of embrittlement is identified. In-
deed, for 70 dpa/335 °C irradiation the ADBTT of EUROFER 97 is found to be 233 °C. This
value is only 15 °C higher than the ADBTT after 32 dpa/332 °C irradiation. F82H-mod. irradi-
ated to 65 dpa/337 °C behaves somewhat poorly compared to the EUROFER steels with
respect to embrittlement. The embrittlement of OPTIFER Xl and OPTIFER XII steels after
low temperature irradiation to 12 dpa (and 31 dpa in case of OPTIFER Xl) confirms the em-
brittlement trend of EUROFER 97 steels.

Due to the close correlation between low temperature hardening and embrittlement [12], the
evolution of embrittlement with irradiation dose can be qualitatively described by an equation
of the type ADBTT=ADBTT,(1-exp(-®/®,))""? with ADBTT, as the saturation value of the em-
brittlement [15],[17]. The solid lines in Fig. 4-10 are fit to the data with the above equation. A
good qualitative description of the data is provided. The results for EUROFER 97 are best
described with ADBTT, =238 °C and ®, =16.7 dpa.
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Fig. 4-10 Irradiation shifts of the DBTT vs. dose for EUROFER 97, EUROFER 97 HT,
F82H and OPTIFER steels. The open symbols represent KIT results and the crossed sym-
bols are from [23]. The solid lines are a model description of the data [15],[17].

4.2 Tensile testing

The main results of the tensile testing of the investigated specimens are discussed in this
section. The recorded tensile curves of the investigated irradiated specimens as well as the
quantified tensile properties in the irradiated and reference unirradiated conditions are given
in Annex 10.

Fig. 4-11 shows Yield Stress (Ry02) and Ultimate Tensile Strength (Rn.) of the steels and
technological specimens irradiated to 70.1 dpa at 331.5 °C and tested at 350 °C. The inves-
tigated base RAFM steels show comparable Yield Stress and Ultimate Strength in the irradi-
ated condition. The Ultimate Strength is if any only slightly larger than the Yield Stress values
indicating strong suppression of the strain hardening capability of the irradiated RAFM steels.
Boron doped steels ADS 2 and ADS 3 show tensile properties which are comparable to
those of base EUROFER steels indicating only minor influence of the produced transmuta-
tion helium (up to 120 appm He in ADS 3) on the tensile properties. Tensile properties of the
EB welded EUROFER 97 specimens are comparable to those of base EUROFER steels.
Oxide Dispersion Strengthened EUROFER shows the largest tensile strength among the
investigated materials. Tensile testing of the 70.1 dpa, 331.5 °C irradiated steels at 20 °C
leads to qualitatively similar results in Fig. 4-12. The absolute values of the Yield Stress
(Rpo2) and Ultimate Tensile Strength (Rn) are however larger at 20 °C test temperature in
comparison to 350 °C test temperature, partly due to the temperature dependence of the
tensile properties of RAFM steels.
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Fig. 4-11 Yield Stress (Ry02) and Ultimate Tensile Strength (Rn,) of 70.1 dpa, 331.5 °C irradi-
ated RAFM materials tested at 350 °C.
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Fig. 4-12 Yield Stress (Ryo2) and Ultimate Tensile Strength (R,) of 70.1 dpa, 331.5 °C irradi-
ated RAFM materials tested at 20 °C.

Fig. 4-13 shows Uniform Strain (Ag) and Total Strain (A) of the steels and technological
specimens irradiated to 70.1 dpa at 331.5 °C and tested at 350 °C. Rather low values of the
Uniform Strains below 1% are observed for all investigated base RAFM steels. The Total
Strains, in contrast, remain at a high level above 9%-10%. The boron doped steels show
larger Uniform and reduced Total Strains in comparison to base RAFM steels. Among all
investigated steels the Oxide Dispersion Strengthened EUROFER shows the largest value of
the Uniform Strain of 1.73%. The Total Strain at the same time is reduced down to 4.45%.
The Total Strain of the EB welded EUROFER 97 specimens is comparable to those of base
EUROFER 97 steels. The testing at 20 °C yielded slight improved Strain characteristics of
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base RAFM and EB welded steels. The Total Strain of the boron doped steels was in con-
trast considerably reduced at a test temperature of 20 °C. Remarkable is also nearly van-
ished Total Strain of ODS EUROFER steels.
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Fig. 4-13 Uniform Strain (Ag) and Total Strain (A) of 70.1 dpa, 331.5 °C irradiated RAFM ma-
terials tested at 350 °C.
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Fig. 4-14 Uniform Strain (Ag) and Total Strain (A) of 70.1 dpa, 331.5 °C irradiated RAFM ma-
terials tested at 20 °C.

Fig. 4-15 shows the Reduction of Area (Z) of the steels and technological specimens irradi-
ated to 70.1 dpa at 331.5 °C and tested at 350 °C. Among the base RAFM steels EURO-
FAR97 HT shows the larges area reduction of 60%. F82H-mod. shows considerably lower
area reduction in comparison to EUROFER steels. Low Z-values in the boron doped steels
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can not be related to the helium contents as ADS 2 steel (containing less helium than ADS 3)
shows lower area reduction than ADS 3. The lowest Z-value among the investigated steels is
observed for Oxide Dispersion Strengthened EURFOFER with 0.5 wt.% Y,03;. Remarkably,
Z-value of EB welded EUROFER 97 is larger than the base EUROFER steel. Reduction of
Area increased for EUROFER 97 and F82H-mod. steels after testing at 20 °C as shown in
Fig. 4-16. Z-values of boron doped steels in contrast have completely vanished at this test
temperature.
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Fig. 4-15 Reduction of area of 70.1 dpa, 331.5 °C irradiated RAFM materials after testing at
350 °C.
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Fig. 4-16 Reduction of area of 70.1 dpa, 331.5 °C irradiated RAFM materials after testing at
20 °C.
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Fig. 4-17 Yield Stress vs. test temperature for EUROFER 97 in the unirradiated condition and
after neutron irradiations in different European irradiation programmes (irradiation conditions
and programmes are given in the figure legend). The lines are a guide for the eye.

Fig. 4-17 shows Yield Stress (Rpo.2) vs. test temperature (Tis:) for EUROFER 97 in the unir-
radiated condition and after neutron irradiation in different medium and high dose European
irradiation programmes at target irradiation temperatures (T;,) between 300 and 350 °C
[81,[91,[14],[23], [25]. Tensile tests were performed on four different kinds of specimen types
utilized in the different irradiations. NRG irradiated cylindrical specimens of 20 mm gauge
length and 4 mm diameter and performed the tests with a strain rate of 5x10* s™'[23]. In the
SPICE irradiation cylindrical specimens of 18 mm gauge length and 3 mm diameter are ten-
sile tested under vacuum with a strain rate of 1x10™ s™[8]. In the 15 dpa WTZ 01/577 irradia-
tion cylindrical specimens of 15 mm gauge length and 3 mm diameter are tensile tested with
a strain rate of 3x10° s [14].

The reference tensile test performed at NRG and FZK concerning the stresses are in a nar-
row scatter band and give a good basis for the interpretation of the tensile results. Neutron
irradiation leads to substantial increases in the Yield Stress which is sensitive to the irradia-
tion parameters i.e. irradiation dose and temperature [15]. Furthermore, for given irradiation
conditions the Yield Stress increase depends on the test temperature and is larger at low test
temperatures. The specimens from ARBOR 2 irradiated to 70 dpa show the highest Yield
Stress at test temperatures of 20 and 350 °C. Remarkably, the temperature dependence of
the Yield Stress measured on the specimens irradiated in ARBOR 1 to 30 dpa nicely agrees
with the temperature dependence trend of the Yield Stress measured on the specimens from
ARBOR 2 after irradiation to 31 dpa. While the differences in the Yield Stress values at 300
and 330 °C irradiations to 15 dpa are still moderate and within data scatter, as can be seen
from the comparison between WTZ [14] and SPICE [8] results, Yield Stress values after
15 dpa/350 °C irradiation are considerably lower indicating substantial thermal recovery at
this irradiation temperature.

The temperature dependence of the ultimate tensile strength (R,) for irradiated EUROFER
97 shown in Fig. 4-18 resembles to that of the Yield Stress shown in Fig. 4-17. Close values
of the ultimate tensile strength (R) and Yield Stress (Rpo2) in the irradiated conditions indi-
cates a strong suppression of the strain hardening capability under neutron irradiation.
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Fig. 4-18 Ultimate tensile strength vs. test temperature for EUROFER 97 in the unirradiated

condition and after neutron irradiations in different European irradiation programmes. The
lines are a guide for the eye.

The Uniform Strains quantified in the reference tensile test at NRG and FZK shown in Fig.
4-19 are in a certain scatter band but also give a good basis for the interpretation of the ten-
sile results. Uniform Strain is strongly suppressed after low temperature irradiation and is
scattered at values mostly below 0.5%.
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Fig. 4-19 Uniform Strain vs. test temperature for EUROFER 97 in the unirradiated condition
and after neutron irradiations in different European irradiation programmes. The lines are a
guide for the eye.
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Fig. 4-20 Total Strain vs. test temperature for EUROFER 97 in the unirradiated condition and
after neutron irradiations in different European irradiation programmes. The lines are a guide
for the eye.

Though also strongly reduced in comparison to the unirradiated condition, the Total Strain
retain considerable values in the irradiated state up to achieved damage doses as seen in
Fig. 4-20. The observed Total Strains mostly above 10% are of great importance for struc-
tural material application.

4.2.1 Irradiation dose evolution of hardening

Fig. 4-21 presents the evolution of the hardening, as the increase in Yield Stress, with dose
for EUROFER 97 and F82H-mod. for irradiation temperatures between 300 and 335 °C and
for test temperatures between 300 and 350 °C. KIT results from ARBOR 2 as well as from
the recent KIT irradiations programmes SPICE [8], WTZ 01/577 and ARBOR 1 [9] are pre-
sented by solid symbols. For comparison the literature results from [23],[25],[26],[15],[17] are
also included in the diagram. Neutron irradiation leads to substantial increase in the Yield
Stress with the dose. The Yield Stress increase is rather steep at doses below 10 dpa and in
a good agreement with the observations on F82H after low temperature irradiation [27]. In
spite of large data scatter, partly due to different irradiation temperatures, a clear tendency to
saturation at the achieved doses is identified for both RAFM steels.

Severe degradation of the tensile properties of RAFM steels observed in Fig. 4-21 is a result
of neutron irradiation induced severe changes in the microstructure. Dislocation loops and a'-
precipitates nearly homogeneously distributed in RAFM steels are believed to be a main
source of the irradiation hardening and embrittlement. The radiation defects acting as imped-
ing obstacles to glide dislocations lead to strong material hardening which can be evaluated
according to the following relationship
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Fig. 4-21 Irradiation hardening vs. irradiation dose for EUROFER 97 and F82H steels for T,
= 300-335 °C and Tyt = 300-350 °C. The full symbols represent KIT results [8],[9]. The open
symbols are from the literature [23],[25],[26],[15],[17]. The solid line is a least square fit to the
EUROFER 97 data with Eq. (3). The dashed line is only a guide for the eye.

Ac = Moub~ Nd (1)

with M being the Taylor factor, o — an average obstacle strength, u — the shear modulus of
the steel, b — the Burgers vector of the moving dislocation, N — the volume density of the ob-
stacles and d — their average diameter.

A phenomenological approach to the evolution of the radiation defect density with irradiation
dose was given by Whapham and Makin in [28]. In this model the defect density N increases
with dose at the initial stage of irradiation, but as their concentration increases the newly
formed defects become captured by the already existing ones leading to a decrease of the
number of newly formed defects during a given increment of dose as the dose increases.
Hence, the increase in N and the achievement of a saturation value N; is expected:

NzN{l—exp(— gﬂ (2)

here ® denotes the irradiation dose and ®, is the scaling dose characterizing how fast the
saturation of N sets in. For irradiation hardening dominated by a single obstacle type, combi-
nation of Eq. (2) with Eq. (1) yields the following relationship for the evolution of the irradia-
tion hardening with dose:

Ac = Ao, \/1 - exp(— g] (3)

where Acs is the saturation value of hardening.

The solid line in Fig. 4-21 is a description of the irradiation hardening according to Eq. (3) with
Acs =492 MPa and ®o =7.3 dpa. In spite of (i) differences in the irradiation conditions, e.g. the
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irradiation temperature, the neutron flux, (ii) differences in test conditions e.g. specimen geome-
try, strain rate and (iii) scatter of experimental data, Eq. (3) describes qualitatively the evolution of
hardening with dose. Furthermore, the hardening rate appears to be significantly decreased at
the achieved damage doses. Planned quantitative analysis of the radiation defects and their evo-
lution with damage dose will shed more light on the hardening mechanisms.

4.2.2 Post-irradiation annealing

Fig. 4-22 shows the influence of the post-irradiation annealing at 550 °C on the tensile prop-
erties of EUROFER 97 specimens irradiated to a damage dose of 70.1 dpa at 331.5 °C, see
also Fig. 10-1 and Table 10-1. The applied PIA consisted of the following steps: i) heating the
specimen from RT to 550 °C during 3 h, ii) annealing at 550 °C for a nominal annealing time
and iii) cooling down the specimen from 550 °C to RT during 3 h. The neutron irradiation in-
duced hardening, quantified as the increase of the Yield Stress and Ultimate Tensile
Strength is substantially reduced after annealing already for 1 hour. Recovery in the harden-
ing is accompanied with the recovery in the ductility properties, i.e. a complete recovery of
the Uniform Strain and substantial recovery of the Total Strain is achieved already after one
hour PIA. Nearly complete recovery of the tensile properties, both with respect to the
strength and ductility indicates recovery of the microstructure to a large extend.
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Fig. 4-22 Hardening, quantified as increase in the Yield Stress and Ultimate Tensile Strength
(left) and ductility properties, quantified as changes in the Uniform and Total Strains (right) as
a function of the post-irradiation annealing time at 550 °C. Annealing time “0” corresponds to
the as irradiated state (70.1 dpa/ 331.5 °C). Tiest = 350 °C; Strain rate =1x107 1/s.

In order to study the kinetics of the radiation damage recovery the PIA experiment at 550 °C
were performed on EUROFER 97 specimens irradiated to 31 dpa at 338.4 °C, see Fig. 10-2
and Table 10-2. PIA on one of the specimens was performed without dwell time, i.e. the
heating up of the specimen to 550 °C was followed by its cooling down to RT. The neutron
irradiation induced hardening, quantified as the increase of the Yield Stress and Ultimate
Tensile Strength show nearly complete recovery already after heating the specimen to 550
°C, see Fig. 4-23, indicating very fast kinetics of the radiation damage annealing.
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Fig. 4-23 Hardening, quantified as increase in the Yield Stress and Ultimate Tensile Strength
as a function of the post-irradiation annealing time at 550 °C. As irradiated specimen
(31 dpa/ 338.4 °C) and a specimen heated and immediately cooled up to/ from 550 °C are
marked correspondingly. Tist= 350 °C; Strain rate =1x107 1/s.

Similar to EUROFER 97 other RAFM steels also exhibited substantial recovery of the tensile
properties in PIA experiments.

4.2.3 Miniaturised diffusion welded specimens

The tensile tests of miniaturised double-T shaped diffusion welded specimens were per-
formed with an electro-mechanical testing machine of INSTRON-DOLI at two temperatures
of 20 and 300 °C and at two crosshead speeds of 0.1 and 1.0 mm/min. Almost all specimens
were broken within the gauge length.

Fig. 4-24 shows the Ry Yield Stress of 1xHIP and 2xHIP welded specimens in the unirradi-
ated condition and after neutron irradiation to 36.2 dpa at 336.8 °C. For comparison the re-
sults obtained with double-T shaped specimens on the unirradiated base EUROFER 97 sub-
jected to a similar HIPping process are also included. The Yield Stress values of unirradiated
and 1 and 2 times HIPped base EUROFER 97 are comparable to those of as delivered EU-
ROFER 97. The Ry, Yield Stress of HIP welded specimens shows scatter in the unirradi-
ated condition in Fig. 4-24. Furthermore, in the unirradiated condition 2xHIP welded speci-
mens show Ry, values well above the Yield Stress values for base material. The neutron
irradiation leads to a strong hardening of welds. Exact assessment of the hardening is not
possible due to scattering of the tensile results. The post-irradiation annealing at 550 °C for
3 h lead to substantial recovery of the tensile properties both for 1xHIP and 2xHIP welded
specimens.

Fig. 4-25 shows the Yield Stress as a function of crosshead speed at two different test tem-
peratures. Due to a large data scatter no clear effect of the crosshead speed on the Yield
Stress can be identified both in the unirradiated and irradiated conditions. Also for the base
material no strong effect of the deformation rate on the Yield Stress is observable.
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Fig. 4-24 Yield Stress vs. test temperature for 1xHIP (EH1) and 2xHIP (EH2) welded speci-
mens in the unirradiated condition and after neutron irradiation to 36.2 dpa at 336.8 °C. The
results on 1x HIPped (E97HIP1) and 2x HIPped (E97HIP2) base EUROFER 97 in the unirra-
diated condition are included. Crosshead speed of 1.0 mm/min corresponds to 4.8x10™ 1/s
strain rate. Dashed arrows indicate recovery of the Yield Stress after post irradiation anneal-
ing at 550 °C for 3 h.
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Fig. 4-25 Yield Stress vs. crosshead speed for 1xHIP (EH1) and 2xHIP (EH2) welded speci-
mens in the unirradiated condition and after neutron irradiation to 36.2dpa at 336.8 °C. The
results on 1x HIPped (E97HIP1) and 2x HIPped (E97HIP2) base EUROFER 97 in the unirra-
diated condition are included. Crosshead speeds of 0.1 and 1.0 mm/min correspond to a
strain rate of 4.8x10™ and 4.8x107 1/s, respectively.

Uniform Strain values obtained with miniaturised double-T shaped specimens are shown in
Fig. 4-26. Neutron irradiation leads to a strong reduction of the Uniform Strain in comparison
to the reference unirradiated state both for 1xHIP and 2xHIP welded specimens. An excep-
tion was one 2xHIP welded specimen which at a test temperature of 300 °C yielded a Uni-
form Strain comparable to that of unirradiated state. Post irradiation annealing at 550 °C for 3
h yielded recovery of the Uniform Strain at a test temperature of 300 °C. The Total Strain
values quantified with miniaturised double-T shaped specimens were well above the corre-
sponding values quantified with mini-tensile specimens indicating non optimized geometry of
double-T shaped specimens.
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Fig. 4-26 Uniform Strain vs. test temperature for 1xHIP (EH1) and 2xHIP (EH2) welded
specimens in the unirradiated condition and after neutron irradiation to 36.2dpa at 336.8 °C.
The results on 1x HIPped (E97HIP1) and 2x HIPped (E97HIP2) base EUROFER 97 in the
unirradiated condition are included. Crosshead speed of 1.0 mm/min corresponds to
4.8x107 1/s strain rate.

4.3 Low cycle fatigue testing

The Influence of the high dose up to 70 dpa neutron irradiation on the isothermal, strain con-
trolled LCF properties of RAFM steels is reported in the current section. The comparison with
the corresponding results in the reference unirradiated state was performed both for the ade-
quate total and inelastic strain amplitudes. In addition the comparison with the literature data
will be given on availability. The Peak Stress vs. Number of Cycle diagrams for each investi-
gated steel along with selected hysteresis loops can be found in Annex 11.

Fig. 4-27 shows total (Agy) strain range vs. the number of cycles to failure (N¢) in double
logarithmic scale for EUROFER 97 in the unirradiated condition and after neutron irradiation
in ARBOR 2 irradiation up to 71 dpa at 330-337 °C. For comparison the LCF properties from
ARBOR 1 irradiation [9] are also included. The results in the reference unirradiated state are
summarised in Table 4-2. The results after neutron irradiation in ARBOR 2 up to 47 and
71 dpa are given in Table 4-3 and Table 4-4, respectively. For the majority of the investigated
EUROFER 97 specimens and for the total strain amplitudes between 0.8% and 1.1% the
neutron irradiation has only a minor influence on the fatigue behaviour. In some cases a
slight enhancement of the fatigue lifetime in comparison to the unirradiated state is observed.
An exception is a specimen (E1 12) irradiated to 70.8 dpa at 334 °C and fatigue tested at
Ago= 1.1% which shows a strongly reduced lifetime in comparison to the unirradiated state.
The Peak Tensile and Peak Compression stresses for E1 12 were found to show non-
monotonous evolution with a Number of Cycles (N), see Fig. 11-6, thus yielding strong varia-
tion of parameter R, defined as a ratio of Peak compression and Peak Tensile stresses
within a cycle, during the measurement. Due to this reason the results on E1 12 as well as
on the specimens exhibiting a nonmonotonous evolution of the peak stresses with a number
of cycles should be taken into account with precautions during the analysis of the fatigue
behaviour.
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Fig. 4-27 Fatigue lifetime vs. total strain range for unirradiated and up to 71 dpa irradiated
(Tir = 331-338 °C) EUROFER 97 (980 °C/0.5 h + 760 °C/1.5 h).

: Ttest N Etot Einelastic

Specimen (°C) ) (%) (%)

10 330 2400 0.6 0.27

11 330 2250 0.6 0.26

1 330 1556 0.8 0.42

5 330 1324 0.8 0.42

2 330 1470 0.9 0.54

6 330 1258 0.9 0.53

3 330 736 1.0 0.61

7 330 907 1.0 0.61

4 330 572 1.2 0.79

8 330 775 1.2 0.82

Table 4-2: LCF data on unirradiated EUROFER 97.

. Thest Nt Etot Einelastic
specimen | ¢y | ) %) | (%)
E119 330 1247 1.0 0.48
E120 330 1467 0.9 0.44
E121 330 586 1.1 0.55

Table 4-3: LCF data on EUROFER 97 irradiated to 46.8 dpa at

. Ttest Nt Etot Einelastic
specimen | ¢y | () %) | (%)
E110 330 1206 1 0.51
E111 330 1103 0.9 0.48
E112 330 248 1.1 0.57
E113 330 1289 0.8 0.32

337.5 °C.

Table 4-4: LCF data on EUROFER 97 irradiated to 70.8 dpa at 334.0 °C.
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Fig. 11-107 and Fig. 11-108 show SEM micrographs of fracture surface of LCF tested E1 21
and E1 10 specimens. Specimen irradiation and LCF tested conditions are indicated in the
corresponding figure legends. Remarkable is an appearance of course, three dimensional
fracture surface morphology which is more pronounced at high irradiation dose. The fracture
surface morphology reveals a terrace-like pattern due to multiple deflections of the fatigue
crack along its propagation path. Formation of a thin, few um thick modified surface layer
which is supposed to develop in a corrosion process of a specimen being in contact with
coolant during irradiation is recognizable for the both irradiation conditions. Noticeably such a
layer was already observable after irradiation to 31 dpa in ARBOR 1 experiment [9]. The role
of the detected few pm thick modified surface layer which can act as a preferable crack emit-
ter should be analysed in more detail during microstructural analysis at KIT.

LCF properties of EUROFER 97 HT in the unirradiated condition and after neutron irradiation
to a damage dose of 71 dpa are shown in Fig. 4-28. For comparison the results from ARBOR
1 irradiation are also included. The data in the reference unirradiated state are summarised
in Table 4-5. The results after neutron irradiation in ARBOR 2 to 47 and 71 dpa are given in
Table 4-6 and Table 4-7, respectively. The neutron irradiation has qualitatively different influ-
ence trends for 47 and 71 dpa irradiated EUROFER 97 HT for total strain amplitudes be-
tween 0.8% and 1.1%. The 47 dpa irradiated specimens show if any only slight decrease of
the lifetime in comparison to the unirradiated state. The 71 dpa irradiated specimens show in
contrast an increase of the lifetime for adequate total strain amplitudes.

Fig. 11-109 shows SEM micrographs of fracture surface of E2 12 (71 dpa/334 °C) after LCF
test at Ag = 0.9% at 330 °C. In addition to the features already observed for irradiated
ERUOFER97 specimens, deep secondary cracks propagating into the axial directions can be
identified. It has to be noted that such a pronounced modification of the fatigue fracture sur-
face morphology does not show a clear effect on the fatigue lifetime. Indeed, 71 dpa irradi-
ated E1 10 and E2 12 specimens showed fatigue lifetimes that are comparable to those of in
the unirradiated state for the adequate inelastic strains, see Fig. 4-38.

1.3
= 42 O unirr.
X ¥ B oe ® 31dpa/331°C
8 1.1 A o A 47dpa/338°C
Z,J @ 71dpa/334°C
g’ 14 ooe e ¢
@
c 09 A o e
®
s
o 0.8- AACODO ¢ °
T =330°C
0.7 —— r . . ———
400 1000 9000

Number of Cycles to Failure (-)
Fig. 4-28 Fatigue lifetime vs. total strain range for unirradiated and up to 71 dpa irradiated
(Tir = 331-338 °C) EUROFER 97 HT (1040 °C/38 min + 750 °C/2 h).
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; Thest N¢ Etot €inelastic

Specimen C) ) (%) (%)

1 330 1623 0.8 0.47

5 330 1438 0.8 0.46

6 330 1574 0.9 0.56

2 330 1137 0.9 -

7 330 1172 1.0 0.66

3 330 1285 1.0 0.66

4 330 582 1.2 0.84

8 330 750 1.2 0.86

Table 4-5: LCF data on unirradiated EUROFER 97 HT.

Specimen Thest Nt Etot Einelastic
(°C) (-) (%) (%)
E2 19 330 922 1.1 0.58
E2 20 330 1123 0.8 0.39
E2 21 330 1112 0.9 0.43
E2 22 330 1257 0.8 0.32

Table 4-6: LCF data on EUROFER 97 HT irradiated to 46.8 dpa at 337.5 °C.

. Ttest Nf Etot Einelastic
Specimen | ec) () (%) (%)
E2 10 330 1392 1.1 0.58
E2 11 330 4112 0.8 0.32
E2 12 330 2184 0.9 0.40
E2 13 330 4444 1.0 0.52

Table 4-7: LCF data on EUROFER 97 HT irradiated to 70.8 dpa at 334.0 °C.

Fig. 4-29 shows total strain range (Atwt) vs. the number of cycles to failure (N¢) in double
logarithmic scale for F82H-mod. in the unirradiated condition and after neutron irradiation in
ARBOR 2 irradiation to 47 dpa at 337 °C. For comparison the LCF properties from ARBOR 1
irradiation [9] are also included. The data in the reference unirradiated state are summarised
in Table 4-8. The results after neutron irradiation in ARBOR 2 to 46.8 dpa at 337.5 °C are
shown in Table 4-9. The neutron irradiation of F82H-mod. to 47 dpa leads to the increase of
the lifetime in comparison with unirradiated state for adequate total strain amplitudes. The
SEM micrographs of the fatigue fracture surface of selected F82H-mod. specimens are
summarised in Fig. 11-110, Fig. 11-111 and Fig. 11-112. A coarse terrace like fracture sur-
face morphology is observed especially pronounced for F 13 specimen. Fatigue lifetime of F
13, however, fell in the lifetime scattering band for the unirradiated state thus indicating no
clear effect of the fracture surface morphology on the lifetime.
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Fig. 4-29 Fatigue lifetime vs. total strain range for unirradiated and up to 47 dpa irradiated
F82H-mod.

. Ttest Nf Etot Einelastic
Specimen | (oc) () (%) (%)
11 330 2400 0.6 0.25
10 330 3500 0.6 0.27
1 330 1763 0.8 0.44
6 330 1430 0.8 0.45
7 330 1232 0.9 0.54
3 330 1668 0.9 0.52
4 330 1181 1.0 0.62
8 330 1293 1.0 0.62
5 330 627 1.2 0.83
9 330 768 1.2 0.80

Table 4-8: LCF data on unirradiated F82H-mod.

. Thest Nt Etot €inelastic
Specimen (°C) ) (%) (%)
F13 330 1740 0.9 0.43
F14 330 2643 0.8 0.37
F15 330 3013 1.0 0.57
F16 330 1558 1.1 0.63

Table 4-9: LCF data on F82H-mod. irradiated to 46.8 dpa at 337.5 °C.

LCF properties of OPTIFER IVc in the unirradiated condition and after neutron irradiation to
70.8 dpa at 334.0 °C are shown in Fig. 4-30. The results in the reference unirradiated and
irradiated states are summarised in Table 4-10 and Table 4-11, respectively. With exception
of one result the neutron irradiation leads to a considerable enhancement of lifetime which is
more pronounced for the low total strain ranges. An outlier point was classified as invalid
because the corresponding specimen was broken outside of a gauge length. Fig. 11-113
shows SEM micrographs of an irradiated specimen tested at Ag =0.8%. A strongly inclined
propagation of the fatigue crack as well as deep fatigue lines is identified.
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Fig. 4-30 Fatigue lifetime vs. total strain range for unirradiated and up to 71 dpa irradiated
OPTIFER IVc.

. Thest Nt Etot €inelastic
Specimen | (o) () %) | (%)
P1 300 6850 0.6 0.24
P2 330 1750 0.8 0.42
P3 330 1990 0.9 0.53
P4 330 1150 1 0.61
P5 330 1030 1.2 0.81
P6 330 2075 0.8 0.43
P7 330 1610 0.9 0.52
Table 4-10: LCF data on unirradiated OPTIFER IVc.
. Ttest Ny Etot Einelastic
Specimen | -c) () %) | (%)
OT01 330 1542 0.9 0.36 invalid
0T02 330 9801 0.8 0.38
OT03 330 2770 1.0 0.46
OT04 330 1869 1.1 0.53

Table 4-11: LCF data on OPTIFER IVc irradiated to 70.8 dpa at 334.0 °C.

Fig. 4-31 shows total (Agyy) strain range vs. the number of cycles to failure (N¢) in double
logarithmic scale for a British Steel batch of EUROFER 97 (BS-EUROF) after neutron irradia-
tion to 46.8 dpa at 337.5 °C and to 70.8 at 334 °C. For comparison the results on the unirra-
diated EUROFER 97 are also presented. The results for irradiated BS-EUROF specimens
are summarised in Table 4-12 and Table 4-13. For the most investigated specimens the neu-
tron irradiation leads to the enhancement of the lifetime in comparison with the unirradiated
EUROFER 97. This is especially pronounced for total strain amplitudes below 1.1% and
0.9% for 71 and 47 dpa irradiated states, respectively.
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Fig. 4-31 Fatigue lifetime vs. total strain range for BS-EUROF after irradiation to damage
doses of 47 and 71 dpa as well as for EUROFER 97 in the reference unirradiated state.

Specimen Thest N Etot Einelastic
(°C) () (%) (%)
A910 330 2470 1.0 0.52
A911 330 2700 0.9 0.5
A912 330 880 1.0 0.46
A913 330 935 1.1 0.64
A914 330 965 1.2 0.76

Table 4-12: LCF data on BS-EUROF irradiated to 46.8 dpa at 337.5 °C.

Specimen Trest Nt Etot

Einelastic
(°C) () (%) (%)
A905 330 1710 1.0 0.48
A906 330 3700 0.9 0.39
A907 330 1940 1.1 0.59
A908 330 1040 1.2 0.66
A909 330 2930 1.0 0.51

Table 4-13: LCF data on BS-EUROF irradiated to 70.8 dpa at 334 °C.

Fatigue properties of EURODShip (EUROFER 97 with 0.5 wt.% Yttria) in the unirradiated
state and after neutron irradiation to 46.8 dpa at 337.5 °C are presented in Fig. 4-32. The
results for the unirradiated and irradiated conditions are summarised in Table 4-14 and Table
4-15. Neutron irradiation leads to a considerable lifetime enhancement for Ag: = 1.0%, so
that one specimen even exhibited an endurance behaviour. A post irradiation annealing of
one specimen at 550 °C for 3 hours lead to a substantially reduced lifetime being now slightly
above the lifetime in the unirradiated state. The pronounced lifetime enhancement for Ag; =
1.0% is thus mainly related to the neutron irradiation induced material hardening. SEM mi-
crographs of the fracture surface of EO 13 are shown in Fig. 11-114. The fracture surface
appears relatively flat in comparison to non ODS RAFM steels indicating influence of the
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ODS particles on the fatigue crack evolution. Fatigue striations bounded by fatigue lines ob-
served in EUROFER 97 are no more recognizable in ODS steel.
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Fig. 4-32 Fatigue lifetime vs. total strain range for unirradiated and up to 46.8 dpa irradiated

EURODSHIP (EUROFER 97 with 0.5 wt.% Yttria).

. Ttest Nf Etot Einelastic
Specimen| .c () (%) (%)
1 330 1931 0.8 0.18
2 330 1850 0.9 0.21
3 330 551 1.0 0.28
4 330 325 1.2 042
5 330 1358 0.8 0.19
6 330 941 0.9 0.24
7 330 1112 1.0 0.26
8 330 339 1.2 0.45
9 330 9250 0.6
12 330 9250 0.6

Table 4-14: LCF data on unirradiated EURODSHIP (EUROFER 97 with 0.5wt.% Yttria).

: Ttest Ny Etot Einelastic
Specimen (°C) ) (%) (%)
EO11 330 13969 1.0 0.1 endurance
EO16 330 922 1.1 0.14
EO13 330 386 1.2 0.25
EO14 330 1595 1.0 0.20 PIA 550°C/3h
EO18 330 7490 1.0 0.19

Table 4-15: LCF data on EURODSHIP (EUROFER 97 with 0.5 wt.% Yttria) irradiated to
46.8 dpa at 337.5 °C.

Fig. 4-33 shows total (Agyy) strain range vs. the number of cycles to failure (Nf) in double
logarithmic scale for ADS 2 in the unirradiated condition and after neutron irradiation to 70.8
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dpa at 334 °C. The LCF test results are summarised in Table 4-16 and Table 4-17. The re-
sult obtained on A204 was interpreted as invalid as the specimen was broken outside the
gauge length. Neutron irradiation leads to a considerable enhancement of the lifetime in
comparison with the unirradiated state which is especially pronounced at low total strain
ranges. So, for Ag = 1.0% the Number of Cycles to Failure is about 10500 which is about
ten-fold of lifetime in the reference unirradiated state. The reason for such a large lifetime is
unknown. The role of approximately 24 appm extra helium in comparison to 71 dpa irradiated
EUROFER 97 HT produced as a result of '°B burn-up should be investigated in the future.
Remarkably, similar to the observations for ADS 2 the lifetime of to 71 dpa irradiated EURO-
FER 97 HT was also quite large for a total strain rate of 1.0%. Some of the ADS 2 specimens
exhibited non monotonous evolution of the peak stress with the Number of Cycles, see An-
nex 11. Whether such behaviour reflects intrinsic material response to cycling loading, is not
clear. Due to variation of the parameter R from its target values, however, the experiments
with a non- monotonous evolution of the peak stresses with the Number of Cycles have to be
treated with precautions during the analysis of the material irradiation response.
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Fig. 4-33 Fatigue lifetime vs. total strain range for unirradiated and to 71dpa irradiated ADS2.

: Ttest Ny Etot Einelastic
Specimen|  (-c) () %) | (%)
P1 330 950 1.2 0.82
P2 330 975 1.0 0.65
P3 330 1200 0.9 0.54
P4 330 2020 0.8 0.42
Table 4-16: LCF data on unirradiated ADS 2.
: Ttest Ny Etot €inelastic
Specimen|  (-c) () %) | (%)
A204 330 5202 0.8 0.26 invalid
A205 330 10459 1.0 0.46
A206 330 3621 0.8 0.26
A207 330 3863 0.9 0.40

Table 4-17: LCF data on ADS 2 irradiated to 70.8 dpa at 334 °C.

42




Testing Results

Fatigue properties of ADS 3 in the unirradiated state and after neutron irradiation to 70.8 dpa
at 334 °C are presented in Fig. 4-34 and in Table 4-18 and Table 4-19. Neutron irradiation
leads to a strong lifetime increase in comparison with the unirradiated state being pro-
nounced for the low total strain ranges. It has to be noted that at Ag; =0.9% tested speci-
mens showed non monotonous evolution of the peak stresses with the Number of Cycles.
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Fig. 4-34 Fatigue lifetime vs. total strain range for unirradiated and to 71 dpa irradiated
ADS 3.

. Ttest Nf Etot €inelastic
Specimen| (g () (%) (%)
P1 330 780 1.2 0.83
P2 330 1890 1.0 0.62
P3 330 2490 0.9 0.52
P4 330 2580 0.8 0.45
P5 330 3940 0.6 0.45
P6 330 1050 1.1 0.72

Table 4-18: LCF data on unirradiated ADS 3.

: Thest N Etot €inelastic
Specimen| (g () (%) (%)
A304 330 31610 0.8 0.35
A305 330 1957 1.1 0.59
A306 330 2665 0.9 0.46
A307 330 9234 0.9 0.41

Table 4-19: LCF data on ADS 3 irradiated to 70.8 dpa at 334 °C.

Fig. 4-35 shows total (Agy) strain range vs. the number of cycles to failure (N¢) in double
logarithmic scale for ADS 4 in the unirradiated condition and after neutron irradiation to 46.8
dpa at 337.5 °C. The LCF test results are summarised in Table 4-20 and Table 4-21. The
investigation of the effect of the 1120 wppm bor on the microstructure of ADS 4 performed in
[19] revealed strong degradation of the microstructure, characterized by a presence of high
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density of coarse Fe, Cr and B rich inclusions. This might be an explanation of rather unusual
LCF behaviour of ADS 4 already in the unirradiated condition, namely for all investigated
specimens the initial softening phase was followed by pronounced continuous hardening
phase in contrast to the observations for martensitic steels where a continuous softening
phase is identified. Remarkably, the continuous hardening phase was not observed for the
irradiated specimens. The irradiated specimens showed, with exception of one specimen,
pronounced lifetime increase in comparison to the unirradiated state. A specimen tested at
0.8% exhibited even endurance behaviour.
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Fig. 4-35 Fatigue lifetime vs. total strain range for unirradiated and to 47 dpa irradiated
ADS 4.

: Trest Ny Etot Einelastic
Specimen|  c) () %) | (%)
P1 330 970 1.2 0.75
P2 330 1215 1.0 0.56
P3 330 1620 0.9 0.46
P4 330 1720 0.8 0.34
Table 4-20: LCF data on unirradiated ADS4.
: Trest Ny Etot Einelastic
Specimen|  c) () %) | (%)
A404 330 34199 0.8 0.34
A405 330 4239 1.0 0.41
A406 330 879 0.9 0.31
A407 330 1869 1.1 0.43

Table 4-21: LCF data on ADS4 irradiated to 46.8 dpa at 337.5 °C.

Fatigue properties of EB welded EUROFER 97 after irradiation to a damage dose of 70.1
dpa at 331.5 °C are shown in Fig. 4-36. For comparison the lifetime data obtained on base
EUROFER 97 steel in unirradiated condition is also included. The LCF test results on EU-
ROF-EB are summarised in Table 4-22. Irradiated EUROF-EB specimens show fatigue life-
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times that are comparable with those of base EURFER97 steel in the reference unirradiated
state.

1.4
— 1 0 EUROFER97 unirr.
S O O A EUROF-EB 70dpa
B A T_=330°C

14
% A O
% O O
n'd oo A
g
©
=
» m

0.5 ——— : : :

400 1000 5000

Number of Cycles to Failure (-)

Fig. 4-36 Fatigue lifetime vs. total strain range for 70 dpa irradiated EB welded EUROFER 97
(EUROF-EB) and for unirradiated reference ERUOFER97.

; Thest Nt Etot €inelastic
Specimen (°C) ) (%) (%)
C098 330 713 1.0 0.41
C099 330 2077 0.8 0.20
C100 330 839 1.1 0.53

Table 4-22: LCF data on EUROF-EB irradiated to 70.1 dpa at 331.5 °C.
4.3.1 Discussion of LCF behaviour

Prior to discussion of the influence of the neutron irradiation on the LCF properties the effect
of application of Small Specimen Testing Technology (SSTT) should be addressed. Fig. 4-37
shows total (Agit) strain range vs. the number of cycles to failure (Nf) in double logarithmic
scale for EUROFER 97 in the unirradiated condition and after neutron irradiation in ARBOR 2
programme up to 71 dpa at 330-337 °C [29]. For comparison 31 dpa data from ARBOR 1 [9]
as well as 2 dpa data from SOSIA-02 (NRG) [23] are also included. In SOSIA-02 programme
LCF specimens of 3 mm diameter and 7.5 mm gauge length were irradiated at 300 °C. Af-
terwards, those specimens were tested at 300 °C. Comparison of the results obtained in the
reference unirradiated state by using SSTT (KIT) and larger (NRG) specimens indicates con-
siderable underestimation of the fatigue lifetime by SSTT. The state of the surface finish
quality and its possibly different influence on the fatigue lifetime of the SSTT specimens in
the unirradiated and irradiated conditions need to be investigated in more details for the un-
ambiguous interpretation of the irradiation influence on the fatigue behaviour. The dashed
dotted line in Fig. 4-37 is reproduced from [30] and represents model prediction of lifetime in
the reference unirradiated state at a test temperature of 330 °C. The model gives a right
bound of the lifetime obtained in the unirradiated state on 3 mm specimens in [23].
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Fig. 4-37 Fatigue lifetime for unirradiated and up to 71 dpa irradiated (T;» = 300-337 °C) EU-
ROFER 97 vs. total strain range [29]. 2 dpa data stems from SOSIA-02 (NRG) irradiation

[23]. The dashed line represents the model description of the unirradiated data [30].
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Fig. 4-38 Fatigue lifetime vs. inelastic strain range for selected unirradiated and irradiated
RAFM steels. The circled points are obtained on the specimens exhibiting strongly non-
monotonous evolution of peak tensile and compression stresses with Number of Cycles. The
solid lines represent the description of the unirradiated data by a Manson-Coffin relation.
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The neutron irradiation leads to the increase of fatigue lifetime for the majority of the investi-
gated SSTT type RAFM specimens in comparison to the reference unirradiated state for
comparable total strain amplitudes especially pronounced at low total strains. For quantifica-
tion of the role of the neutron irradiation induced hardening and resulted increase of the elas-
tic strain amplitude for given total strains, the inelastic strain amplitudes were quantified near
a cycle N¢2. Fig. 4-38 shows fatigue lifetime vs. inelastic strain range for selected RAFM
steels. The data points obtained on the specimens exhibiting strongly non-monotonous evo-
lution of peak tensile and compression stresses with Number of Cycles and hence strongly
varying parameter R =omin/omax are circled and will not be taken into account during the fol-
lowing discussions.

In the low cycle fatigue regime the evolution of the fatigue life with inelastic strain can be de-
scribed by the Manson-Coffin relationship

Ae =CNy (4)

inelastic
with m and C as material and temperature dependent parameters. The solid lines in Fig. 4-38
represent the description of the unirradiated data with the above equation. The best fits were
obtained with m = -0.68, -0.52, -0.66 and -0.57 for EUROFER 97, EUROFER 97 HT, F82H-
mod. and OPTIFER IVc steels, respectively. For adequate inelastic strain amplitudes and for
the SSTT used in the current work part of the irradiated data are scattered around the unirra-
diated ones. Considering the large inherent scattering of fatigue lifetime this indicates little or
no influence of the neutron irradiation on the fatigue damage evolution. The apparent in-
crease of the fatigue lifetime observed in corresponding Aeit(Nf) representation is thus mainly
related to the irradiation hardening revealed in monotonic tensile experiments. Compara-
tively, in [31] the influence of the low temperature neutron irradiation (3.8 dpa at 250 °C) on
the fatigue behaviour of F82H was found to be sensitive to the test temperature. The fatigue
tests at 250 °C yielded comparable results for the unirradiated and irradiated specimens for
adequate inelastic strain amplitudes, whereas a strong reduction of the lifetime in the irradi-
ated condition was found in a RT test at a low total strain range (of 0.4%) attributed to the
occurrence of a channel fracture.

Noticeable reduction of the fatigue lifetime of some EUROFER 97 and EUROFER 97 HT
specimens after irradiation to 47 dpa more pronounced at high (and sometimes intermediate)
strain ranges in comparison to the unirradiated state indicates, however, that the inelastic
strain amplitude is not the only controlling parameter for the fatigue damage accumulation.
The neutron irradiation induced stress increase in comparison to the unirradiated state for
adequate inelastic strain amplitudes [29], might also accelerate the fatigue damage evolution
[30],[32].

Though lifetime enhancement in the irradiated state at low total strain ranges is attributed to
strongly reduced inelastic strain amplitude, the reason for lifetime enhancement observed for
some specimens at relatively high inelastic strain ranges, see e.g. F82H-mod., is not fully
understood.
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Accumulated helium contents up to 1135 appm (1142 appm total) seems to have no negative
effect on the specimen lifetime. Indeed, part of helium containing specimens exhibits life-
times far above the lifetimes observed for irradiated base EUROFER 97 steel.

Fractographic investigations of the fatigue tested irradiated specimens do not yield clear cor-
relation between the fracture surface morphology and mechanical properties. Though irradia-
tion damage remarkably modifies the fracture surface morphology, appearance of a complex,
three dimensional fracture surfaces, initiation of the secondary cracks propagating into axial
direction, considerable coarsening of the fracture surface morphology with increasing the
irradiation dose, do not show clear effects on the fatigue lifetime. Which role the detected few
pm thick modified surface layer that is supposed to be generated during the sodium contact
of the specimen during irradiation campaign, is playing should be analysed in more detail
during microstructural analysis at KIT.

5 Conclusion

Impact, tensile and LCF properties were studied for eleven RAFM steels and two technologi-
cal specimens after neutron irradiation to displacement damage doses up to 71 dpa at 330-
337 °C by using SSTT.

Neutron irradiation leads to severe degradation of the impact and tensile properties of the
RAFM steels at irradiation temperatures below T;, <300-340 °C. Neutron irradiation-induced
hardening and embrittiement indicate saturating behaviour at the achieved damage doses for
these low irradiation temperatures. The evolution of hardening with irradiation dose can be
qualitatively described by using Whapham and Makin's model. Ongoing and planned quanti-
tative microstructural investigations are mandatory to get deeper insight in the radiation
damage mechanisms and for a quantitative description of the neutron irradiation induced
hardening and embrittlement within appropriate models.

The neutron irradiation induced hardening may differently affect the fatigue behaviour of the
irradiated specimens. The increase of the elastic part of the cyclic deformation and related
reduction of the inelastic strain amplitude due to irradiation induced hardening lead to the
increase of the fatigue lifetime especially at low strain ranges. The radiation hardening in-
duced increase of the stress level might, however, lead to enhanced damage evolution and
hence to lifetime reduction especially at high strain ranges. The limited number of available
irradiated specimens does not allow detailed statistical analysis of the LCF results emphasiz-
ing a need for further investigations.

Due to absence of fusion relevant neutron spectrum the effects of Helium could not be ap-
propriately studied in fission reactor experiments. The boron doping technique used in the
current irradiation programme provides, however, valuable insight into helium effects for low
helium contents. Helium contents of about 120 appm have already strong effect on the mate-
rial embrittlement but only minor effect on the material hardening and LCF behaviour.

The state-of-the-art structural materials are highly suited for the special fusion reactor design
with the operating temperature range for the FW and BB being between 350 and 550 °C. The
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thermal recovery experiments yielded very promising results. After possible validation of this
method through the study of the repeatability of these experiments, recovery heat-treatments
can also be utilized for extension of the operating temperature range down to RT.
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Annex: Material Chemical Composition and Thermal Treatment

E83697
E83697
9753
986779
806

826 ADS 3 = EUROFER 97-Steel with 83 wppm B10 (1040°C 31 min/air + 760°C 90 min/air)

825 |

HXN 958/3 EURODShip = EUROFER 97 with 0.5wt.% Yttria ODS (980°C 31 min/air + 760°C 90 min/air

VS3102

E83697

847

HXN 954/4-3 | EODShip 3 = EUROFER 97 with 0.3wt% Yttria ODS (980°C 31 min/air + 760°C 90 min/air)
E83697 FZK DW = FZK Diffusion Welded EUROF 1 (post weld heat treated: 750°C 120 min/air)
848 OPT Xll = OPTIFER XII (950°C 30 min/air + 750°C 120 min/air)

Table 7-2: Heat identification and thermal treatment.
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Annex: Impact Tests

9 Annex: Impact Tests

9.1 EUROFER 97

3 ‘
2.5 |
| E117 (T=140°C)
' E118 (T=170°C)
2 1 E119 (T=150°C)
| E120 (T=160°C)
Z 154 MM LET21(T=20000)
= ﬂ
e
3 1
-l
‘ |
0.5
O - | B R VN o
0|4 F 0.8 1 1.2 1.4 16 1.8 2 2.2 2
05 i ‘

Time (ms)

Fig. 9-1 Load-time diagrams of impact testing of EUROFER 97 after irradiation to 64.9 dpa
at 336.8 °C (specimens: E1 16 to E1 21).

Specimen | Trest (°C) | Av (J)
E116 120 0.67
E117 140 1.42
E118 170 6.67
E119 150 1.66
E120 160 6.05
E1 21 200 5.90

Table 9-1: Temperature dependence of impact toughness of EUROFER 97 after irradiation
to 64.9 dpa at 336.8 °C.

55



Annex: Impact Tests

3.5 ;
3 | E108 (T=300°C) i
E109 (T=200°C) !
E110 (T=170°C) |
2.5 E111 (T=140°C) |
E112 (T=120°C) !
E113 (T=130°C) |
2 | E114 (T=150°C) |
= 1
x |
K 1.5 7 L) |
o LN ‘
- ‘\\\\-\ |
T e i T

R Se—

Mk o f—

0 - | l} ]‘ L‘ | U‘{.‘ L\LLhu‘hm.‘._n : : ‘ : [ ‘ i ‘

0l2 0. 018 0.8 1 12 14 16 1.8 2 22 2:,4 2.6

-0.5

Time (ms)

Fig. 9-2 Load vs. time diagrams of impact testing of EUROFER 97 after irradiation to 69.8
dpa at 334.9 °C.

Specimen | Trest (°C) | Av (J)
E108 300 4.63
E109 200 6.07
E110 170 6.18
E1 11 140 6.28
E112 120 0.6
E113 130 0.79
E114 150 2.05
E115 160 6.64

Table 9-2: Temperature dependence of impact toughness of EUROFER 97 after irradiation
to 69.8 dpa at 334.9 °C.
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9.2 EUROFER 97 HT

2.5

Load (kN)

0.5

|
E2 17 (T=140 °C)
E2 18 (T=130 °C)
E2 19 (T=110 °C)
E2 20 (T=150 °C)

|
PIA: 550°C/3h

E2 24 (T=-15 °C)

Time (ms)

Fig. 9-3 Load vs. time diagrams of impact testing of EUROFER 97 HT after irradiation to
64.9 dpa at 336.8 °C. Specimens E2 21, E2 23, E2 24 are tested after post-irradiation an-
nealing (PIA) at 550 °C/3 h.

Specimen | Trest (°C) | Av (J) PIA
E2 17 140 5.27

E2 18 130 4.39

E2 19 110 0.56

E2 20 150 5.38

E2 21 -30 0.97 550 °C/3 h
E2 23 0 9.01 550 °C/3 h
E2 24 -15 7.96 550 °C/3 h

Table 9-3: Temperature dependence of impact toughness of EUROFER 97 HT after irradia-
tion to 64.9 dpa at 336.8 °C. Selected specimens are tested after PIA at 550 °C/3 h.
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Fig. 9-4 Load vs. time diagrams of impact testing of EUROFER 97 HT after irradiation to
69.8 dpa at 334.9 °C. Specimens E2 13, E2 15, E2 16 are tested after PIA at 550 °C/3 h.

Specimen | Trest (°C) | Av (J) PIA
E2 09 120 0.53

E2 10 140 4.05

E2 11 160 5.9

E2 12 150 6.04

E2 13 20 8.64 550 °C/3 h
E2 15 -50 3.3 550 °C/3 h
E2 16 -30 6.15 550 °C/3 h

Table 9-4: Temperature dependence of impact toughness of EUROFER 97 HT after irradia-
tion to 69.8 dpa at 334.9 °C. Selected specimens are tested after PIA at 550 °C/3 h.
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9.3 F82H-mod.
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Fig. 9-5 Load vs. time diagrams of impact testing of F82H-mod. after irradiation to 64.9 dpa

at 336.8 °C. Specimens F 12, F 13, F 14 are tested after PIA at 550 °C/3 h.

Specimen | Trest (°C) | Av (J) PIA

F 08 200 4.51

F 09 180 1.95

F 10 250 4.49

F 11 190 2.61

F12 0 1.10 | 550 °C/3 h
F13 50 8.51 550 °C/3 h
F 14 25 1.80 | 550°C/3 h

Table 9-5: Temperature dependence of impact toughness of F82H-mod. after irradiation to

64.9 dpa at 336.8 °C. Selected specimens are tested after PIA at 550 °C/3 h.
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9.4 OPTIFER XI
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Fig. 9-6 Load vs. time diagrams of impact testing of OPTIFER Xl after irradiation to 12.0 dpa
at 337.5 °C.

Specimen | Trest (°C) | Av (J)
1109 100 413
1110 80 1.56
1111 120 4.3

1112 60 0.37
1113 200 4.33

Table 9-6: Temperature dependence of impact toughness of OPTIFER Xl after irradiation to
12.0 dpa at 337.5 °C.
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Fig. 9-7 Load vs. time diagrams of impact testing of OPTIFER Xl after irradiation to 31 dpa
at 338.4 °C.

Specimen | Trest (°C) | Av (J)
11 01 120 1.61
1102 140 4.05
1103 160 3.49
1105 180 3.54
11 07 100 0.69

Table 9-7: Temperature dependence of impact toughness of OPTIFER Xl after irradiation to
31 dpa at 338.4 °C.
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9.5 OPTIFER XII

3.5 ;
|
|
3 12 01 (T=100 °C)
12 02 (T=80 °C)
12 03 (T=120 °C)

12 04 (T=60 °C)
12 05 (T=200 °C)

Load (kN)

Time (ms)

Fig. 9-8 Load vs. time diagrams of impact testing of OPTIFER Xl after irradiation to
12.0 dpa at 337.5 °C.

Specimen | Trest (°C) | Av (J)
12 01 100 4.76
12 02 80 1.35
12 03 120 5.16
1204 60 0.75
12 05 200 4.56

Table 9-8: Temperature dependence of impact toughness of OPTIFER XII after irradiation to
12.0 dpa at 337.5 °C.
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9.6 ADS 2
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Fig. 9-9 Load vs. time diagrams of impact testing of ADS 2 after irradiation to 69.8 dpa at
334.9 °C. Specimens A2 02, A2 05, A2 06 are tested after PIA at 550 °C/3 h.

Specimen | Trest (°C) | Av (J) PIA
A2 01 250 2.86

A2 02 20 1.28 550 °C/3 h
A2 03 320 3.39

A2 04 200 0.76

A2 05 100 4.88 550 °C/3 h
A2 06 170 8.13 550 °C/3 h

Table 9-9: Temperature dependence of impact toughness of ADS 2 after irradiation to
69.8 dpa at 334.9 °C.
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9.7 ADS 3
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Fig. 9-10 Load vs. time diagrams of impact testing of ADS 3 after irradiation to 69.8 dpa at
334.9 °C. Specimens A3 04, A3 05 are tested after PIA at 550 °C/3 h.

Specimen | Trest (°C) | Av (J) PIA
A3 01 250 1.67

A3 02 320 3.81

A3 03 400 3.59

A3 04 70 1.57 550 °C/3 h
A3 05 150 7.76 550 °C/3 h
A3 06 220 0.77

A3 07 300 3.75

Table 9-10: Temperature dependence of impact toughness of ADS 3 after irradiation to
69.8 dpa at 334.9 °C.
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9.8 EURODShip with 0.5 wt.% Y203
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Fig. 9-11 Load vs. time diagrams of impact testing of EURODShip after irradiation to
12.0 dpa at 337.5 °C.

Specimen | Trest (°C) | Av (J)
EO 31 200 6.07
EO 32 150 5.46
EO 33 250 3.54
EO 34 130 2.35
EO 35 180 6.02
EO 36 300 4.53

Table 9-11: Temperature dependence of impact toughness of EURODShip after irradiation to
12.0 dpa at 337.5 °C.
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Fig. 9-12 Load vs. time diagrams of impact testing of EURODShip after irradiation to
64.9 dpa at 336.8 °C. Specimen EO 09 is tested after PIA at 550 °C/3 h.

Specimen | Trest (°C) | Av (J) PIA

EO 08 500 0.84

EO 09 500 1.08 | 550°C/3 h

Table 9-12: Temperature dependence of impact toughness of EURODShip after irradiation to
64.9 dpa at 336.8 °C.
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9.9 EODShip3 with 0.3 wt.% Y203

1.5 1

Load ( kN)

0.5 -

0301 (T=150°C)
03 02 (T=250°C)

Fig. 9-13 Load vs. time diagrams of impact testing of EODShip 3 after irradiation to 28.4 dpa

at 338.4 °C.

Specimen | Trest (°C) | Av (J)
03 01 150 0.22
0302 250 0.30

Table 9-13: Temperature dependence of impact toughness of EODShip 3 after irradiation to
28.4 dpa at 338.4 °C.
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9.10 Diffusion welded EUROFER 97
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Fig. 9-14 Load vs. time diagram of impact testing of diffusion welded EUROFER 97 after
irradiation to 28.4 dpa at 338.4 °C.

Specimen | Trest (°C) | Av (J)
EF 12 01 150 2.66
EF 12 02 300 3.53
EF 12 03 100 0.56
EF 12 04 220 4.00
EF 22 01 130 1.64
EF 22 02 180 3.84

Table 9-14: Temperature dependence of impact toughness of diffusion welded EUROFER 97
after irradiation to 28.4 dpa at 338.4 °C.
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E1 08
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El 11

El 12

E1 13

Fig. 9-15 Charpy specimens E1 08, E1 09, E1 10, E1 11, E1 12, E1 13 after impact testing
and after complete separation.
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Fig. 9-16 Charpy specimens E1 14, E1 15, E1 16, E1 17, E1 18, E1 19 after impact testing
and after complete separation.
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Fig. 9-17 Charpy specimens E1 20, E1 21, E2 09, E2 10, E2 11, E2 12 after impact testing
and after complete separation.
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Fig. 9-18 Charpy specimens E2 13, E2 15, E2 16, E2 17, E2 18, E2 19 after impact testing
and after complete separation.
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Fig. 9-19 Charpy specimens E2 20, E2 21, E2 23, E2 24, F 08, F 09 after impact testing and
after complete separation.
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F 10

Fig. 9-20 Charpy specimens F 10, F 11, F 12, F 13, F 14, 11 09 after impact testing and after
complete separation.
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1112

12 01

Fig. 9-21 Charpy specimens 11 10, 11 11, 11 12, 11 13, 12 01, 12 02 after impact testing
and after complete separation.
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Fig. 9-22 Charpy specimens 12 03, 12 04, 12 05, A2 01, A2 02, A2 03 after impact testing
and after complete separation.
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Fig. 9-23 Charpy specimens A2 04, A2 05, A2 06, A3 01, A3 02, A3 03 after impact testing
and after complete separation.
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A3 04

A3 05
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Fig. 9-24 Charpy specimens A3 04, A3 05, A3 06, A3 07, EO 08 after impact testing and af-
ter complete separation.
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EO36

Fig. 9-25 Charpy specimens EO 31, EO 32, EO 33, EO 34, EO 34, EO 36 after impact test-
ing and after complete separation.
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EF12 01
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EF22 02

Fig. 9-26 Charpy specimens EF12 01, EF12 02, EF12 03, EF12 04, EF22 01, EF22 02 after
impact testing and after complete separation.
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0301

Fig. 9-27 Charpy specimens O3 01, O3 02 after impact testing and after complete separa-
tion.
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10 Annex: Tensile Tests

10.1 EUROFER 97

I I

I
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Fig. 10-1 Tensile stress vs. strain diagrams (displacement recording of extensometer and
crosshead) of EUROFER 97 after irradiation to 70.1 dpa at 331.5 °C, the test conditions and
the assessment results are summarised in Table 10-1.

File T Rpoz Rm Aq A PIA
Name (°C) (MPa) | (MPa) (%) (%)

E106 -e 350 949 954 0.32 10.15

E106 -t 350 947 954 0.35 10.90

E107-e| 350 504 567 215 | - 550 °C/3 h

E107 -t 350 501 567 2.90 18.75 | 550 °C/3 h

E109-e 350 510 577 2.67 18.05 | 550 °C/1 h

E1009 -t 350 504 577 3.55 19.55 | 550 °C/1 h

E108-e 20 1211 1218 0.37 12.40

E108 -t 20 1211 1218 0.38 13.35

Table 10-1: Analysis of the tensile diagrams of EUROFER 97 after irradiation to 70.1 dpa at
331.5 °C (-e: extensometer, -t: crosshead).
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Fig. 10-2 Tensile stress vs. strain diagrams (displacement recording of extensometer and
crosshead) of EUROFER 97 after irradiation to 31.0 dpa at 338.4 °C, the test conditions and
the assessment results are summarised in Table 10-2.

File T Rpoz Rm Aq A PIA
Name (°C) (MPa) | (MPa) (%) (%)
E134 -e 20 1146 1151 0.42 13.15
E134 -t 20 1146 1151 0.47 13.70
E135-e | 350 928 931 0.33 5.20
E135-t 350 927 931 0.37 8.75
E136-e | 350 470 533 2.86 19.25 | 550 °C/3 h
E136 -t 350 471 533 3.05 20.15 | 550°C/3 h
E137-e | 350 478 543 2.75 19.50 | 550°C/1h
E137 -t 350 480 543 3.20 20.50 | 550°C/1h
E138-e | 350 477 543 3.12 18.30 | 550 °C/0h
E138 -t 350 477 543 3.35 18.40 | 550°C/0h

Table 10-2: Analysis of the tensile diagrams of EUROFER 97 after irradiation to 31.0 dpa at
338.4 °C (-e: extensometer, -t: crosshead).
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10.2 EUROFER 97 HT
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Fig. 10-3 Tensile stress vs. strain diagrams (displacement recording of extensometer and
crosshead) of EUROFER 97 HT after irradiation to 70.1 dpa at 331.5 °C, the test conditions

and the assessment results are summarised in Table 10-3.

File T Rpoz Rm Aq A PIA

Name (°C) (MPa) | (MPa) (%) (%)
E206-e| 350 | --—- 1001 | -—— | -
E2 06 -t 350 996 1001 0.37 11.65
E207-e| 350 478 570 500 | - 550 °C/3 h
E2 07 -t 350 477 570 5.85 19.50 | 550 °C/3 h
E2 08 -e 20 1217 1224 0.40 11.05
E2 08 -t 20 1215 1224 0.44 13.05

Table 10-3: Analysis of the tensile diagrams of EUROFER 97 HT after irradiation to 70.1 dpa
at 331.5 °C (-e: extensometer, -t: crosshead).
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10.3 F82H-mod.
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Fig. 10-4 Tensile stress vs. strain diagrams (displacement recording of extensometer and
crosshead) of F82H-mod. after irradiation to 70.1 dpa at 331.5 °C, the test conditions and the
assessment results are summarised in Table 10-4.

File T Rpoz Rm Aq A PIA
Name (°C) (MPa) | (MPa) (%) (%)

F 06 -e 350 933 935 0.28 9.10

F 06 -t 350 932 935 0.31 9.60

F 07 -e 350 537 588 217 17.75 | 550 °C/3 h

F 07 -t 350 533 588 2.46 18.45 | 550 °C/3 h

F 08 -e 20 1151 1163 0.48 12.50

F 08 -t 20 1142 1163 0.60 13.40

Table 10-4: Analysis of the tensile diagrams of F82H-mod. after irradiation to 70.1 dpa at
331.5 °C (-e: extensometer, -t: crosshead).
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10.4 ADS 2
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Fig. 10-5 Tensile stress vs. strain diagrams (displacement recording of extensometer and
crosshead) of ADS 2 after irradiation to 70.1 dpa at 331.5 °C, the test conditions and the as-
sessment results are summarised in Table 10-5.

File T Rpoz Rm Aq A PIA
Name (°C) (MPa) | (MPa) (%) (%)

A201-e 20 1199 1223 0.65 1.90

A2 01 -t 20 1198 1223 0.69 2.10

A202-e | 350 977 995 0.48 5.35

A2 02 -t 350 973 995 0.61 6.55

A203-e | 350 514 578 2.85 16.20 | 550 °C/3 h

A2 03 -t 350 504 578 3.62 17.25 | 550°C/3 h

Table 10-5: Analysis of the tensile diagrams of ADS 2 after irradiation to 70.1 dpa at 331.5 °C
(-e: extensometer, -t: crosshead).
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10.5 ADS 3
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Fig. 10-6 Tensile stress vs. strain diagrams (displacement recording of extensometer and
crosshead) of ADS 3 after irradiation to 70.1 dpa at 331.5 °C, the test conditions and the as-
sessment results are summarised in Table 10-6.

File T Rpoz Rm Aq A PIA
Name (°C) (MPa) | (MPa) (%) (%)

A3 01 -e 20 1268 1287 0.53 0.70

A3 01 -t 20 1267 1287 0.61 0.80

A302-e | 350 1004 1010 0.32 5.62

A3 02 -t 350 1000 1010 0.43 6.35

A303-e | 350 568 628 2.67 15.50 | 550°C/3h

A3 03 -t 350 556 628 3.60 17.05 | 550°C/3 h

Table 10-6: Analysis of the tensile diagrams of ADS 3 after irradiation to 70.1 dpa at 331.5 °C
(-e: extensometer, -t: crosshead).
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10.6 OPTIFER XI

1400
——1101
1200 1102
1103
—~ 1000-
©
o
= 800-
(7))
B 600-
P 400-
200
0 T T T
0 5 10 15 20

Strain (%)
Fig. 10-7 Tensile stress vs. strain diagrams (displacement recording of extensometer and
crosshead) of OPTIFER Xl after irradiation to 31.0 dpa at 338.4 °C, the test conditions and
the assessment results are summarised in Table 10-7.

File T Rpoz Rm Aq A PIA
Name (°C) (MPa) | (MPa) (%) (%)

1101 -e 20 1229 1235 0.36 11.35

1101 -t 20 1229 1235 0.41 12.60

1102-e | 350 1003 1003 0.20 3.47

1102 -t 350 1002 1003 0.23 4.70

1103 -e 350 483 543 2.40 17.30 | 550°C/3 h

1103 -t 350 483 543 2.80 17.90 | 550 °C/3 h

Table 10-7: Analysis of the tensile diagrams of OPTIFER XI after irradiation to 31 dpa at
338.4 °C (-e: extensometer, -t: crosshead).
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Fig. 10-8 Tensile stress vs. strain diagrams (displacement recording of extensometer and
crosshead) of OPTIFER Xl after irradiation to 12 dpa at 337.5 °C, the test conditions and the
assessment results are summarised in Table 10-8.

File T Rpoz Rm Aq A PIA
Name (°C) (MPa) | (MPa) (%) (%)

1106 -e 20 1160 1160 0.27 12.40

11 06 -t 20 1159 1160 0.31 12.75

1107 -e | 350 913 914 0.18 4.90

11 07 -t 350 913 914 0.25 6.15

1109 -e 350 517 580 2.76 17.40 | 550°C/3 h

1109 -t 350 515 580 3.10 18.45 | 550 °C/3 h

Table 10-8: Analysis of the tensile diagrams of OPTIFER XI after irradiation to 12 dpa at
337.5 °C (-e: extensometer, -t: crosshead).
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10.7 OPTIFER XIi
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Fig. 10-9 Tensile stress vs. strain diagrams (displacement recording of extensometer and
crosshead) of OPTIFER XII after irradiation to 12 dpa at 337.5 °C, the test conditions and the
assessment results are summarised in Table 10-9.

File T Rpoz Rm Aq A PIA
Name (°C) (MPa) | (MPa) (%) (%)

1201 -e 20 1148 1153 0.38 12.25

1201 -t 20 1148 1153 0.42 12.85

1202-e | 350 954 956 0.25 2.52

12 02 -t 350 949 956 0.33 3.25

1203-e | 350 588 635 1.52 13.30 | 550 °C/3 h

12 03 -t 350 589 635 1.73 14.05 | 550 °C/3 h

Table 10-9: Analysis of the tensile diagrams of OPTIFER XII after irradiation to 12 dpa at
337.5 °C (-e: extensometer, -t: crosshead).
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10.8 EURODShip with 0.5 wt.% Y203
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Fig. 10-10 Tensile stress vs. strain diagrams (displacement recording of extensometer and
crosshead) of EURODShip with 0.5 wt.% Y,0; after irradiation to 70.1 dpa at 331.5 °C, the
test conditions and the assessment results are summarised in Table 10-10.

File T Rooz R A, A PIA
Name | (°C) | (MPa) | (MPa) | (%) (%)

EO 02 -e 350 1122 1168 1.58 417

EO 02 -t 350 1119 1168 1.73 4.45

EOC 04 -e 350 904 998 5.51 10.90 | 550 °C/3 h

EO 04 -t 350 900 998 6.42 12.00 | 550 °C/3 h

EO 07 -e 20 1387 1387 0.09 0.09

EO 07 -t 20 1387 1387 0.08 0.08

Table 10-10: Analysis of the tensile diagrams of EURODShip with 0.5 wt.% Y,O;3 after irradia-
tion to 70.1 dpa at 331.5 °C (-e: extensometer, -t: crosshead).
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Fig. 10-11 Tensile stress vs. strain diagrams (displacement recording of extensometer and
crosshead) of EURODShip with 0.5 wt.% Y,Oj; after irradiation to 12 dpa at 337.5 °C, the test
conditions and the assessment results are summarised in Table 10-11.

File T Rpo2 Rm Ag A
Name (°C) (MPa) | (MPa) (%) (%)

EO29-e| 20 1480 1496 0.48 10.25

EO 29 -t 20 1479 1496 0.55 11.35

EO30-e| 350 1201 1221 0.52 7.82

EO30-t | 350 1202 1221 0.54 8.30

Table 10-11: Analysis of the tensile diagrams of EURODShip with 0.5 wt.% Y,O; after irradia-
tion to 12 dpa at 337.5 °C (-e: extensometer, -t: crosshead).
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10.9 EODShip3 with 0.3 wt.% Y203
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Fig. 10-12 Tensile stress vs. strain diagrams (displacement recording of extensometer and
crosshead) of EURODShip with 0.3 wt.% Y,Oj; after irradiation to 12 dpa at 337.5 °C, the test
conditions and the assessment results are summarised in Table 10-12.

File T Rpoz Rm Aq A PIA
Name (°C) (MPa) | (MPa) (%) (%)

0301 -e 20 1391 1391 0.17 0.17

0301 -t 20 1361 1391 0.33 0.33

0302-e | 350 1130 1143 0.53 7.95

0302-t | 350 1125 1143 0.64 8.55

0303-e | 350 7 855 5.39 14.30 | 550 °C/3 h

0303-t | 350 760 855 6.69 15.90 | 550°C/3h

Table 10-12: Analysis of the tensile diagrams of EODShip3 with 0.3 wt.% Y,0; after irradia-
tion to 31 dpa at 338.4 °C (-e: extensometer, -t: crosshead).
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10.10 EUROF-EB
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Fig. 10-13 Tensile stress vs. strain diagrams (displacement recording of extensometer and
crosshead) of EUROF-EB after irradiation to 70.1 dpa at 331.5 °C, the test conditions and
the assessment results are summarised in Table 10-13.

File T Rpoz Rm Aq A PIA
Name (°C) (MPa) | (MPa) (%) (%)

C093-e| 250 1022 1029 0.15 10.45

C 093 -t 250 1027 1029 0.18 12.20

C094-e| 300 997 997 0.16 11.00

C 094 -t 300 997 997 0.22 11.45

C095-e| 350 970 970 0.16 11.25

C 095 -t 350 970 970 0.19 11.95

C09 -e | 350 467 541 278 | - 550 °C/3 h

C 096 -t 350 460 541 3.62 18.00 | 550 °C/3 h

C 097 -e 20 1201 1201 0.16 10.33

C 097 -t 20 1201 1201 0.23 12.35

Table 10-13: Analysis of the tensile diagrams of EUROF-EB after irradiation to 70.1 dpa at
331.5 °C (-e: extensometer, -t: crosshead).
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10.11  Tensile properties in the reference unirradiated state

Material Specimen| Condition Tiest Reo.2 Rm Aq A

(°C) (MPa) (MPa) (%) (%)

EUROFER 97 Probe01 |unirradiated 350 464.64 524 3.12 20.92
EUROFER 97 Probe02 | unirradiated 350 452.29 507.85 2.64 20.9
EUROFER 97 HT | Probe01 | unirradiated 350 444 .99 502.55 2.41 20.18
EUROFER 97 HT | Probe02 | unirradiated 350 427.75 496.78 3.24 21.02
ADS 2 Probe01 | unirradiated 350 418.70 472.50 3.20 20.50
ADS 2 Probe02 | unirradiated 350 408.92 464.78 2.83 19.70
ADS 3 Probe01 | unirradiated 350 407.82 470.00 3.50 20.75
ADS 3 Probe02 | unirradiated 350 405.37 465.00 2.95 20.48
F82H-mod. Probe01 | unirradiated 350 478.65 531.15 2.37 19.29
F82H-mod. Probe02 | unirradiated 350 475.91 - - -
OPTIFER Xl Probe01 | unirradiated 350 485.36 550.40 3.40 19.20
OPTIFER XI Probe02 | unirradiated 350 486.85 547.74 3.30 19.20
OPTIFER Xl Probe01 | unirradiated 350 483.24 566.18 3.70 19.00
OPTIFER XII Probe02 | unirradiated 350 490.80 577.82 3.85 19.70
EODShip3 Probe01 | unirradiated 350 587.24 779.82 8.20 17.75

Table 10-14: Analysis of the tensile diagrams of the investigated steels in the reference unir-
radiated condition.

Diffusion welded EUROFER 97 (1xHIP)
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Fig. 10-14 Tensile stress vs. displacement diagrams (displacement recording of crosshead)
of 1xHIP diffusion welded EUROFER 97 after irradiation to 36.2 dpa at 336.8 °C. The test
conditions and the assessment results are summarised in Table 10-15.
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Specimen Tiest v Ryo. Rin Ag A File comment

(°C) (mm/min) | (MPa) | (MPa) (%) (%) Name

EH1 01 300 1.0 901.0 950.4 1.00 11.47 2 340

EH1 02 300 1.0 8425 885.3 0.73 2.41 2 346

EH1 03 20 1.0 - 421.0 - 5.07 2 348

EH1 04 300 1.0 491.8 561.2 3.25 33.50 2 354 PIA 550°C/3h

EH1 05 20 1.0 955.2 955.2 - 0.00 2 380 | broken at the head

EH1 06 300 0.1 815.9 884.3 1.04 6.30 2 382

EH1 07 20 0.1 548.3 622.2 2.40 3.30 2 377 | broken at the head

EH1 08 20 0.1 997.0 | 10324 0.45 0.45 2 385

EH1 09 300 0.1 539.0 549.1 0.40 1.30 2 387

EH1 10 300 0.1 777.4 777.4 0.35 2.70 2 398

EH1 11 20 1.0 996.5 | 1061.6 0.97 10.00 | 2 394

Table 10-15: Analysis of the tensile diagrams of 1xHIP diffusion welded EUROFER 97 after
irradiation to 36.2 dpa at 336.8 °C.

Specimen/ | Test \' Rpo.2 Rm A, A File Name
Test (°C) (mm/min) | (MPa) | (MPa) (%) (%)
Test-1 20 0.1 524.2 596.6 4.32 39.60 2 324
Test-1,KIT | 20 0.1 5186 | 654.0 | 4.62 | 39.50 | Gaga01_ 1xhip_01
Test-3 20 1 647.4 743.0 4.29 41.06 2 327
1xhip(2) 20 1 4788 | 6733 | 572 | 3528 2 331
1xhip 300 300 1 442.8 541.2 2.80 34.50 2 338
x1-300 300 0.1 471.3 524.8 2.50 38.70 2 407

Table 10-16: Analysis of the tensile diagrams of diffusion 1xHIP welded EUROFER 97 in the
reference unirradiated state.
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10.13  Diffusion welded EUROFER 97 (2xHIP)

10

T
15

Strain (%)
Fig. 10-15 Tensile stress vs. displacement diagrams (displacement recording of crosshead)
of 2xHIP diffusion welded EUROFER 97 after irradiation to 36.2 dpa at 336.8 °C. The test
conditions and the assessment results are summarised in Table 10-17.

20

25

30

— EH2 01
—— EH2 02
—— EH2 03
— EH2 04
——EH205
—— EH2 06
— EH2 07
— EH2 08

EH2 09
—EH210

Specimen (th; (mm\llmin) (:IF;::) (IVTI:a) (f:l) (;2) Nzlrl':e comment
EH201 | 300 10 | 560.0 | 6784 | 140 | 266 | 2 342
EH202 | 300 10 | 849.0 | 9787 | 124 | 124 | 2 344
EH204 | 20 10 ] 7729 | 000 | 000 | 2 347
EH203 | 300 10 | 6329 | 6876 | 250 | 22.00 | 2.358 | PIA550°C/ 3 h
EH205 | 20 10 | 10367 | 11202 | 125 | 410 | 2 378
EH206 | 300 0.1 8932 | 9280 | 080 | 120 | 2 384
EH207 | 20 0.1 | 10264 | 11290 | 120 | 135 | 2 379
EH208 | 300 10 | 8177 | 9294 | 225 | 225 | 2389
EH209 | 300 0.1 9030 | 10118 | 080 | 1.15 | 2 391
EH210 | 20 10 | 10452 | 10452 | - - | 2395

Table 10-17: Analysis of the tensile diagrams of 2xHIP diffusion welded EUROFER 97 after
irradiation to 36.2 dpa at 336.8 °C.
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. Ttest \"/ Rpolg Rm Ag A File

Specimen .

(°C) | (mm/min)| (Mpa) (Mpa) (%) (%) Name

Test-2 20 0.1 731.0 912.5 5.00 29.70 | 2_325

Test-4 20 1.0 759.0 836.4 3.50 36.26 | 2 328

2xhip(2) 20 1.0 736.3 869.9 4.05 29.00 | 2_330

2xhip 300 300 1.0 565.7 676.7 1.40 2.30 2 336

X2-300 300 0.1 633.0 701.7 2.90 26.40 | 2_402

Table 10-18: Analysis of the tensile diagrams of diffusion 2xHIP welded EUROFER 97 in the
reference unirradiated state.
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11 Annex: Low Cycle Fatigue Tests

11.1 EUROFER 97

E110
T =330°C

test

Agm=1.096

0.0 0.2

Strain ¢ (%)

Fig. 11-1 Stress vs. strain for E1 10 (70.8 dpa/334 °C).

Peak Tensile Stress (MPa)

Fig. 11-2 Peak tensile stress vs. number of cycles for E1 10 (70.8 dpa/334 °C).

0.4

0.6

600

E110
40091 =330°C
est
Ast =1.0%
ot
200
0 T T T T T T
0 200 400 600 800 1000 1200

Number of CyclesN (-)
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E111
7804 |T =330°C

test

500 - A8t0t=0.9 %

Stress (MPa)

T
-0.6 -04 -0.2 0.0 0.2 0.4 0.6
Strain ¢ (%)
Fig. 11-3 Stress vs. strain for E1 11 (70.8 dpa/334 °C).
1000
. E1 11
© —_ o
a Ttest—330 C
S 750+ —n ao
= Astot—0.9 %o
(2}
@ |
Q
® 500 \\v%m'“\\
Qo
k%)
C
G
~ 25041
©
[}
o
O T T T T T
0 200 400 600 800 1000

Number of Cycles N (-)

1200

Fig. 11-4 Peak tensile stress vs. number of cycles for E1 11 (70.8 dpa/334 °C).
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10004 |E112

T, =330°C
750 es
Ae =1.1%

Stress (MPa)

T T
-06 -04 -02 0.0 0.2 0.4 0.6

Strain ¢ (%)
Fig. 11-5Stress vs. strain for E1 12 (70.8 dpa/334 °C).
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T ]
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—~ 2504 | Tes=330°C
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= ot
N 0
(xw -4
o -250-
D- -
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-750 /‘WMH\A/

T T T T T
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Number of CyclesN (-)
Fig. 11-6 Peak cyclic stresses vs. number of cycles for E1 12 (70.8 dpa/334 °C).

115



Annex: Low Cycle Fatigue Tests

1000

7504 E113

T _=330°C
500 4 test

250 1

Stress (MPa)

-250

-500

-750

-0.4 -0.2 0.0 0.2 0.4
Strain ¢ (%)
Fig. 11-7 Stress vs. strain for E1 13 (70.8 dpa/334 °C).
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3 04 tot
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Number of CyclesN (-)
Fig. 11-8 Peak cyclic stresses vs. number of cycles for E1 13 (70.8 dpa/334 °C).
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E119
T =330°C

test

5004 | Ae=1.0%

Stress (MPa)
T

T T
-0.6 -04 -0.2 0.0 0.2 0.4 0.6
Strain ¢ (%)

Fig. 11-9 Stress vs. strain for E1 19 (46.8 dpa/337.5 °C).
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©
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Number of Cycles N (-)
Fig. 11-10 Peak tensile stress vs. number of cycles for E1 19 (46.8 dpa/337.5 °C).
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Fig. 11-11
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250 1

Stress (MPa)

E120

T =330°C

test

Ae=0.9%

T
0.0 0.2 0.4 0.6

Strain ¢ (%)

Stress vs. strain for E1 20 (46.8 dpa/337.5 °C).
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E120
T =330°C

test

Ae=0.9%

0

T
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T
400

T T T T T
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Number of Cycles N (-)

Fig. 11-12 Peak tensile stress vs. number of cycles for E1 20 (46.8 dpa/337.5 °C).
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750 - T =330°C

test

Ae=1.1%

Stress (MPa)
T
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-06 04 -02 0.0 0.2 0.4 0.6

Strain ¢ (%)
Fig. 11-13 Stress vs. strain for E1 21 (46.8 dpa/337.5 °C).

1000

. E121
& 8004 T,.,=330°C
= Ae=1.1%
?
8 600-
n
Q@
8 400
(&)
|_
I
T 200-
o

0 T T I

0 200 400 600

Number of Cycles N (-)
Fig. 11-14 Peak tensile stress vs. number of cycles for E1 21 (46.8 dpa/337.5 °C).
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11.2 EUROFER 97 HT

1000
E2 10
T, =330°C
500 | ac_=1.1%
T
o
=
N—" 0 _
2
[72]
o
n
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-1000 . T T T |

-06 -04 -02 0.0 0.2 0.4 0.6
Strain ¢ (%)
Fig. 11-15 Stress vs. strain for E2 10 (70.8 dpa/334.0 °C).
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Fig. 11-16 Peak tensile stress vs. number of cycles for E2 10 (70.8 dpa/334.0 °C).
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Fig. 11-17 Stress vs. strain for E2 11 (70.8 dpa/334.0 °C).
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Fig. 11-18 Peak tensile stress vs. number of cycles for E2 11 (70.8 dpa/334.0 °C).
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Fig. 11-19 Stress vs. strain for E2 12 (70.8 dpa/334.0 °C).
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Fig. 11-20 Peak tensile stress vs. number of cycles for E2 12 (70.8 dpa/334.0 °C).
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Fig. 11-21 Stress vs. strain for E2 13 (70.8 dpa/334.0 °C).
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Fig. 11-22 Peak tensile stress vs. number of cycles for E2 13 (70.8 dpa/334.0 °C).
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Fig. 11-23 Stress vs. strain for E2 19 (46.8 dpa/337.5 °C).
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Fig. 11-24 Peak tensile stress vs. number of cycles for E2 19 (46.8 dpa/337.5 °C).
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Fig. 11-25 Stress vs. strain for E2 20 (46.8 dpa/337.5 °C).
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Fig. 11-26 Peak stress vs. number of cycles for E2 20 (46.8 dpa/337.5 °C).

125



Annex: Low Cycle Fatigue Tests

Fig. 11-27
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Stress vs. strain for E2 21 (46.8 dpa/337.5 °C).
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Fig. 11-28 Peak stress vs. number of cycles for E2 21 (46.8 dpa/337.5 °C).
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Fig. 11-29 Stress vs. strain for E2 22 (46.8 dpa/337.5 °C).
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Fig. 11-30 Peak stress vs. number of cycles for E2 22 (46.8 dpa/337.5 °C).
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11.3 F82H-mod.
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Fig. 11-31 Stress vs. strain for F13 (46.8 dpa/337.5 °C).
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Fig. 11-32 Peak stress vs. number of cycles for F13 (46.8 dpa/337.5 °C).
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Fig. 11-33 Stress vs. strain for F14 (46.8 dpa/337.5 °C).
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Fig. 11-35 Stress vs. strain for F15 (46.8 dpa/337.5 °C).
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Fig. 11-36 Peak stress vs. number of cycles for F15 (46.8 dpa/337.5 °C).
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Fig. 11-37 Stress vs. strain for F16 (46.8 dpa/337.5 °C).
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Fig. 11-38 Peak stress vs. number of cycles for F15 (46.8 dpa/337.5 °C).
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11.4 OPTIFER IVc
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Fig. 11-39 Stress vs. strain for OT 01 (70.8 dpa/334.0 °C).
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Fig. 11-40 Peak stress vs. number of cycles for OT 01 (70.8 dpa/334.0 °C).
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Fig. 11-41

Fig. 11-42 Peak stress vs. number of cycles for OT 02 (70.8 dpa/334.0 °C).
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Fig. 11-43
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Stress vs. strain for OT 03 (70.8 dpa/334.0 °C).
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Fig. 11-44 Peak stress vs. number of cycles for OT 03 (70.8 dpa/334.0 °C).
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Fig. 11-45 Stress vs. strain for OT 04 (70.8 dpa/334.0 °C).
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Fig. 11-46 Peak stress vs. number of cycles for OT 04 (70.8 dpa/334.0 °C).

135



Annex: Low Cycle Fatigue Tests

11.5 BS-EUROFER
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Fig. 11-47 Stress vs. strain for A910 (46.8 dpa/337.5 °C).

1000
~ A910
oL 800- T_=330°C
2 A =1.0%
7
S 600
)
o
@ 400-
()
l_
©
S 200
o
0 T T T T T
0 500 1000 1500 2000 2500 3000

Number of Cycles N (-)
Fig. 11-48 Peak stress vs. number of cycles for A910 (46.8 dpa/337.5 °C).
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Fig. 11-49 Stress vs. strain for A911 (46.8 dpa/337.5 °C).
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Fig. 11-50 Peak stress vs. number of cycles for A911 (46.8 dpa/337.5 °C).
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Fig. 11-51

Fig. 11-52 Peak stress vs. number of cycles for A912 (46.8 dpa/337.5 °C).
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Fig. 11-53 Stress vs. strain for A913 (46.8 dpa/337.5 °C).
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Fig. 11-54 Peak stress vs. number of cycles for A913 (46.8 dpa/337.5 °C).
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Fig. 11-55 Stress vs. strain for A913 (46.8 dpa/337.5 °C).
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Fig. 11-56 Peak stress vs. number of cycles for A914 (46.8 dpa/337.5 °C).
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Fig. 11-57 Stress vs. strain for A905 (70.8 dpa/334.0 °C).

1000
A905

5 a0l T_=330°C
g A8t0t=1.0%
7
©  600-
N
o
@ 400
()
—
©
S 200
o

0 T T T

0 500 1000 1500 2000

Number of Cycles N (-)
Fig. 11-58 Peak stress vs. number of cycles for A905 (70.8 dpa/334.0 °C).
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Fig. 11-59 Stress vs. strain for A906 (70.8 dpa/334.0 °C).
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Fig. 11-60 Peak stress vs. number of cycles for A906 (70.8 dpa/334.0 °C).
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Fig. 11-61 Stress vs. strain for A907 (70.8 dpa/334.0 °C).

1200
A907

o T . =330°C
= 900+ Ae =1.1%
~ ot
7]
(72]
o
2
Q@
B
[
(0]
|_
~ 3004
®
(O]
(a

0 T T T T

0 500 1000 1500 2000 2500

Number of Cycles N (-)
Fig. 11-62 Peak stress vs. number of cycles for A907 (70.8 dpa/334.0 °C).
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Fig. 11-63 Stress vs. strain for A908 (70.8 dpa/334.0 °C).
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Fig. 11-64 Peak stress vs. number of cycles for A908 (70.8 dpa/334.0 °C).
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Fig. 11-65 Stress vs. strain for A909 (70.8 dpa/334.0 °C).
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Fig. 11-66 Peak stress vs. number of cycles for A909 (70.8 dpa/334.0 °C).
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Stress vs. strain for EO 11 (46.8 dpa/337.5 °C).
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Fig. 11-68 Peak stress vs. number of cycles for EO 11 (46.8 dpa/337.5 °C).
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Fig. 11-69 Stress vs. strain for EO 13 (46.8 dpa/337.5 °C).
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Fig. 11-70 Peak stress vs. number of cycles for EO 13 (46.8 dpa/337.5 °C).
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Fig. 11-71 Stress vs. strain for EO 14 (46.8 dpa/337.5 °C + 550 °C/3 h).
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Fig. 11-72 Peak stress vs. number of cycles for EO 14 (46.8 dpa/337.5 °C + 550 °C/3 h).
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Fig. 11-73 Stress vs. strain for EO 16 (46.8 dpa/337.5 °C).
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Fig. 11-74 Peak stress vs. number of cycles for EO 16 (46.8 dpa/337.5 °C).
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Fig. 11-75 Stress vs. strain for EO 18 (46.8 dpa/337.5 °C).
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Fig. 11-76 Peak stress vs. number of cycles for EO 18 (46.8 dpa/337.5 °C).
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Fig. 11-77 Stress vs. strain for A2 04 (70.8 dpa/334.0 °C).
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Fig. 11-78 Peak tensile stress vs. number of cycles for A2 04 (70.8 dpa/334.0 °C).
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Fig. 11-79
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Fig. 11-80 Peak tensile stress vs. number of cycles for A2 05 (70.8 dpa/334.0 °C).
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Fig. 11-81 Stress vs. strain for A2 06 (70.8 dpa/334.0 °C).
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Fig. 11-82 Peak stresses vs. number of cycles for A2 06 (70.8 dpa/334.0 °C).
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Fig. 11-83 Stress vs. strain for A2 07 (70.8 dpa/334.0 °C).
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Fig. 11-84 Peak stresses vs. number of cycles for A2 07 (70.8 dpa/334.0 °C).
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Fig. 11-85 Stress vs. strain for A3 04 (70.8 dpa/334.0 °C).
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Fig. 11-86 Peak stresses vs. number of cycles for A3 04 (70.8 dpa/334.0 °C).
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Fig. 11-87 Stress vs. strain for A3 05 (70.8 dpa/334.0 °C).
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Fig. 11-88 Peak tensile stress vs. number of cycles for A3 05 (70.8 dpa/334.0 °C).

156



Annex: Low Cycle Fatigue Tests

1000 ~

500
©
o
=

) 0
0]
o
n

-500

-1000 . . . T T

-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6
Strain (%)
Fig. 11-89 Stress vs. strain for A3 06 (70.8 dpa/334.0 °C).
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Fig. 11-90 Peak stresses vs. number of cycles for A3 06 (70.8 dpa/334.0 °C).
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Fig. 11-91 Stress vs. strain for A3 07 (70.8 dpa/334.0 °C).
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Fig. 11-92 Peak stresses vs. number of cycles for A3 07 (70.8 dpa/334.0 °C).
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Fig. 11-93 Stress vs. strain for A4 04 (46.8 dpa/337.5 °C).
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Fig. 11-94 Peak stresses vs. number of cycles for A4 04 (46.8 dpa/337.5 °C).
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Fig. 11-95 Stress vs. strain for A4 05 (46.8 dpa/337.5 °C).
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Fig. 11-96 Peak stresses vs. number of cycles for A4 05 (46.8 dpa/337.5 °C).
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Fig. 11-97 Stress vs. strain for A4 06 (46.8 dpa/337.5 °C).
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Fig. 11-98 Peak stresses vs. number of cycles for A4 06 (46.8 dpa/337.5 °C).
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Fig. 11-100 Peak stresses vs. number of cycles for A4 07 (46.8 dpa/337.5 °C).
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Fig. 11-101 Stress vs. strain for C 098 (70.1 dpa/331.5 °C).
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Fig. 11-102 Peak tensile stress vs. number of cycles for C 098 (70.1 dpa/331.5 °C).
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Fig. 11-103 Stress vs. strain for C 099 (70.1 dpa/331.5 °C).
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Fig. 11-104 Peak tensile stress vs. number of cycles for C 099 (70.1 dpa/331.5 °C).
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Fig. 11-105 Stress vs. strain for C 100 (70.1 dpa/331.5 °C).
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Fig. 11-106 Peak tensile stress vs. number of cycles for C 100 (70.1 dpa/331.5 °C).
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Fig. 11-107 SEM micrographs of E1 21 (47 dpa/337 °C) after LCF test at Agit = 1.1% at 330
°C: a) an overall view; b) fracture appearances close to the specimen surface; c¢) fracture
appearances in the middle area of the fatigue crack propagation; d) fracture appearances
close to the end the fatigue crack propagation.

166



Annex: Low Cycle Fatigue Tests

Fig. 11-108 SEM micrographs of E1 10 (71 dpa/334 °C) after LCF test at Ag,=1.0% at 330
°C: a) an overall view; b) fracture appearances close to the specimen surface; c) fracture
appearances in the middle area of the fatigue crack propagation; d) fracture appearances
close to the end the fatigue crack propagation.
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Fig. 11-109 SEM micrographs of E2 12 (71 dpa/334 °C) after LCF test at Ayt = 0.9% at 330
°C: a) an overall view; b) fracture appearances close to the specimen surface; c) fracture
appearances in the middle area of the fatigue crack propagation; d) fracture appearances
close to the end the fatigue crack propagation.
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Fig. 11-110 SEM micrographs of F 13 (47 dpa/ 337 °C) after LCF test at Agi = 0.9% at 330
°C: a) an overall view; b) fracture appearances close to the specimen surface; c) fracture
appearances in the middle area of the fatigue crack propagation; d) fracture appearances
close to the end the fatigue crack propagation.
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Fig. 11-111 SEM micrographs of F 15 (47 dpa/ 337 °C) after LCF test at A&y = 1.0% at 330
°C: a) an overall view; b) fracture appearances close to the specimen surface; c¢) fracture
appearances in the middle area of the fatigue crack propagation; d) fracture appearances
close to the end the fatigue crack propagation.
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Fig. 11-112 SEM micrographs of F 16 (47 dpa/ 337 °C) after LCF test at A& = 1.1% at 330
°C: a) an overall view; b) fracture appearances close to the specimen surface; c¢) fracture
appearances in the middle area of the fatigue crack propagation; d) fracture appearances
close to the end the fatigue crack propagation.
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Fig. 11-113 SEM micrographs of OT 02 (71 dpa/ 334 °C) after LCF test at A= 0.8% at 330
°C: a) an overall view; b) fracture appearances close to the specimen surface; c) fracture
appearances in the middle area of the fatigue crack propagation; d) fracture appearances
close to the end the fatigue crack propagation.
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Fig. 11-114 SEM micrographs of EO 13 (47 dpa/ 337 °C) after LCF test at Agt= 1.2% at 330
°C: a) an overall view; b) fracture appearances close to the specimen surface; c) and d) frac-
ture appearances in the middle area of the fatigue crack propagation.
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12 Annex: Intellectual Property Right

The results obtained within the studies performed under this task did not yield any specific
innovation or intellectual property.
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