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Abstract

In an energy generating fusion reactor structural materials will be exposed to very high dpa-levels of
about 100 dpa. Due to this fact and because fast reactor irradiation facilities in Europe are not
available anymore, a reactor iradiation at the State Scientific Center of the Russian Federation with
its Research Institute of Atomic Reactors (SSC RIAR), Dimitrovgrad, had been performed in
the fast reactor BOR 60 with an instrumented test rig. This test rig contained tensile, impact
and Low Cycle Fatigue type specimens used at FZK since many years. Samples of actual Re-
duced Activation Ferritic/Martensitic (RAF/M) -steels (e.g. EUROFER 97) had been irradiated
in this reactor at a lower temperature (< 340°C) up to a damage of 33 dpa. This irradiation
campaign was called ARBOR 1.

Starting in 2003 one half of these irradiated samples were post irradiation examined (PIE) by
tensile testing, low cycle fatigue testing and impact testing under the ISTC Partner Contract
#2781p in the hot cells of SSC RIAR.

In the post irradiation instrumented impact tests a significant increase in the Ductile to Brittle
Transition Temperature as an effect of irradiation has been detected. During tensile testing
the strength values are increasing and the strain values reduced due to substantial irradiation
hardening. The hardening rate is decreasing with increasing damage level, but it does not
show saturation.

The low cycle fatigue behaviour of all examined RAF/M - steels show at total strain ampli-
tudes below 1 % an increase of number of cycles to failure, due to irradiation hardening.

From these post irradiation experiments, like tensile, low cycle fatigue and impact tests, radia-
tion induced design data, e.g. for verification of design codes, can be generated.



Nachbestrahlungsuntersuchung von RAF/M Stahlen aus der Bestrahlung in einem
Schnellen Reaktor bis zu 33 dpa und < 340°C, (ARBOR 1)

Zusammenfassung

In einem energieerzeugenden Fusionsreaktor werden Strukturmaterialien sehr hohen Bestrahlungen
ausgesetzt, die bis zu 100 dpa betragen kénnen. Deswegen und weil Bestrahlungseinrichtungen mit
schnellen Neutronen in Europa derzeit nicht zur Verfligung stehen, wurde eine Reaktorbestrahlung am
State Scientific Center der Russischen Fdderation mit seinem Research Institute of Atomic
Reactors (SSC RIAR), Dimitrovgrad, in deren schnellen Reaktor BOR 60 in einer instrumen-
tierten Bestrahlungskapsel durchgefihrt. Diese Bestrahlungskapsel enthielt Zug-, Kerbschlag-
und Ermidungsproben in Abmessungen wie sie schon seit Jahren im FZK gebrauchlich sind.
Proben aus niedrig aktivierbaren (engl. Reduced Activation Ferritic/Martensitic (RAF/M)) -
Stahlen (z.B. EUROFER 97) waren in diesem Reaktor bei niedrigerer Temperatur (< 340°C)
bis zu einer Strahlenschadigung von 33 dpa bestrahlt worden. Diese Bestrahlungskampagne
wurde mit ARBOR 1 bezeichnet.

Beginnend im Jahr 2003 wurden an einer Halfte der bestrahlten Proben Nachbestrahlungsver-
suche (engl. post irradiation examinations (PIE)) in Form von Zug-, Kerbschlag- und Ermui-
dungsversuchen unter dem ISTC Partner Contract #2781p in den Heillen Zellen von SSC RI-
AR durchgeflihrt.

Bei den Nachbestrahlungsversuchen wurde in instrumentierten Kerbschlagversuchen eine
starke Zunahme der Ubergangstemperatur vom duktilen zum spréden Zustand als Auswir-
kung der Bestrahlung festgestellt. Bei den Zugversuchsergebnissen bestrahlter Proben wur-
de eine Erhéhung der Festigkeitswerte bei gleichzeitiger Abnahme der Dehnungswerte durch
die Strahlenverfestigung beobachtet. Dieser Festigkeitsanstieg nimmt mit zunehmender
Strahlenschadigung ab, erreicht aber noch keine Sattigung.

Im Ermudungsverhalten zeigten alle gepruften RAF/M — Stahle bei Gesamtdehnungsampli-
tuden unterhalb 1 % wegen der Strahlenverfestigung eine Zunahme der Versagenszyklen-
zahlen.

Von diesen Nachbestrahlungsversuchen in Form von Zug-, Kerbschlag- und Ermidungsver-
suchen kénnen Datensatze mit Strahlenschadigung erzeugt werden, die zur Verifizierung von
Design Codes verwendet werden kdnnen.
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Introduction

1 Introduction

In an energy generating fusion reactor, structural materials will be exposed to very high lev-
els of irradiation damage of about 100 dpa. A simulation facility - like IFMIF - is not available
in the nearer future, to study the materials behaviour under fusion relevant irradiation condi-
tions, e.g. specific He/dpa-ratio. Therefore these irradiation damage conditions can be real-
ised in fast reactors only. Due to the fact that fast reactor irradiation facilities in Europe are
not available anymore, a cooperation between Forschungszentrum Karlsruhe (FZK) and
State Scientific Centre of Russian Federation Research Institute of Atomic Reactors (SSC
RF RIAR) had been implemented. The irradiation project “Associated Reactor Irradiation in
BOR 60” is named “ARBOR" (Latin for tree).

The problem of irradiation-induced embrittlement of possible martensitic alloy candidates still
is unsolved. Following the evaluation of precursor irradiation programmes, however, a clear
tendency is recognisable [1] [2] [3] [4] [5] [6].

The ARBOR 1 irradiation programme mainly concentrates on the reduced activation fer-
ritic/martensitic (RAF/M) alloy EUROFER 97, a result of FZK’s development from OPTIFER |
to OPTIFER VII. It will be investigated in different variations. Regarding the EUROFER 97
steel, an embrittlement behaviour comparable to that of the best alloys investigated in former
irradiation programmes is expected, keeping its good mechanical properties. The higher irra-
diation dose of 33 dpa is a step towards fusion-relevant doses.

The preparation of the project started in 1999, the irradiation on 25. November 2000, the
target dose of 30 dpa had been reached on 15. October 2002. The ARBOR 1 project in-
cludes 150 mini-tensile/low cycle fatigue specimens and 150 mini-impact (KLST) specimens
of 9 different RAF/M steels. Specimens irradiation had been performed in an especially de-
signed irradiation rig of BOR 60, in a fast neutron flux (> 0.1 MeV) of 1,8 10" n/cm2s and with
direct sodium cooling at a temperature less than 340°C. For more details the reader is re-
ferred to .[7].
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2 Irradiation conditions

21 BORG60

In December 1969 the BOR 60, Fig. 2-1, experimental fast reactor started operation. 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 450 mm height and 550 mm in equivalent diameter, differ-
ent irradiation positions are available. The cell D-23 has been selected for the first campaign,
because in this position a direct temperature measurement by thermocouple during irradia-
tion is possible.

Fig. 2-1 Reactor building of BOR 60.

2.2 Irradiation assembly

The design of the ARBOR 1 irradiation device is shown in Fig. 2-2 (outer hexagon size, 45
mm, and specimen capsule diameter, 39 mm) and was based on a previously used design
with heat insulation against the surrounding fuel assemblies to provide relatively low irradia-
tion temperatures. The irradiation device is heated by the coolant 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/gm (i.e. an increase of
about 10-15°C over the length of the capsule).

Each capsule has a height of 30 mm and contains either 30 LCF-, tensile-specimens or 30
impact specimens. Therefore 300 specimens, 150 LCF-, tensile-specimens and 150 impact
specimens are irradiated.
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2.3 Dosimetry

The irradiation rig is instrumented with neutron monitors, as indicated in Fig. 2-3 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 [8].

temperature
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Fig. 2-3 Scheme of the neutron and temperature monitors location in the
suspensor.
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The calculation of the damage dose values for ferritic steel specimens was conducted using
SPECTER code [9]. In this case a neutron energy spectrum in cell D-23 was used that had
been 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 weighed 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.

Tab. 2-1 Calculation results of damage dose during material science experi-
ment for steel EUROFER 97

Distance Damage dose, dpa

from the Normalization Normalization Normalization

core cen- for fluence for fluence for fluence Average

Lovel tral plane, above above above value
mm
3 MeV 4.6 MeV 7 MeV

1 -113 3.37 3.75 3.37 3.50
2 -89 3.59 3.99 3.66 3.74
3 -59 3.70 4.08 3.77 3.85
4 -29 3.81 4.06 3.74 3.87
5 1 3.74 3.92 3.99 3.88
6 31 3.69 3.96 3.85 3.83
7 61 3.65 3.76 3.74 3.72
8 9 3.32 3.48 3.40 3.40
9 121 3.09 3.36 3.15 3.20
10 151 2.77 2.94 2.95 2.89

During material science experiments only few different material foils (usually natural iron,
niobium and titanium as well as of enriched copper: ®*Cu — 99.6 %,) are irradiated and
measured. Damage dose calculation results for steel EUROFER 97 are given in Table 2-1,
where these three normalisations and also average damage dose values for normalizations
were listed.

In Fig. 2-4, the average damage dose is plotted versus core level. The damage dose values
of other types of ferritic steels under irradiation differ from those given in Table 2-1 less than
0.5% [8]. Sure, there is a difference in the uncertainty estimations of each dosimetry result.
But nevertheless the used simple averaging method is sufficient to estimate the damage
dose. It was done because both the dosimetry results and the uncertainty estimations for
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different neutron energy ranges are close enough together. Using the most accurate weights
for averaging one could obtain a different value of 1-3%, but it is not better then the result of
simple averaging.

4,0

Damage dose, dpa
_c.o w

3,0

N

2,8

-120 -100 -80

-60

-40 -20

0 20 40

60 80

100 120

Distance from the core central plane, mm
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160

Fig. 2-4 The damage dose distribution during material science experiment for
steel EUROFER 97 along the core plane.
Tab. 2-2 Irradiation conditions during the ARBOR 1 irradiation (capsules 1, 3, 4, 7 and 10
for PIE 1 are shaded and indicated by bold letters)

Capsule Nr. 1 2 3 4 5
Capsule 1. LCF 1. Tensile | 1. Impact | 2. Impact 2.LCF
position from center [mm] -150 to -120 | -120 to -90 | -90 to -60 | -60 to -30 -30to 0
mean position [mm] -135 -105 -75 -45 -15
amount of specimen 30 30 30 30 30
calculated mean damage [dpa] 24,50 26,00 27,60 29,10 29,90
measured central values [dpa] 31 31,7 31,8 32,3 32,1
mean temperature [°C] 331,00 331,50 332,30 333,20 334,00
Capsule Nr. 6 7 8 9 10
Capsule 3. Impact | 2. Tensile | 4. Impact 3.LCF 5. Impact
position from center [mm] 0t0+30 | +30t0+60 | +60t0 +90 | +90to+120 | 12010
mean position [mm] 15 45 75 105 135
amount of specimen 30 30 30 30 30
calculated mean damage [dpa] 30,00 29,80 28,70 26,70 23,10
measured central values [dpa] 30,7 30,2 27,6 25,7 22,4
mean temperature [°C] 334,90 335,80 336,80 337,50 338,40
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Fig. 2-5 Calculated damage dose distribution of capsules 1, 3, 4, 7 and 10 during the
ARBOR 1 irradiation for EUROFER 97 along the core plane (the magenta
squares are the measured values from central neutron detectors).
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The damage dose distribution from Fig. 2-5 shows the higher values for the calculated distri-
bution and the real distribution from the measured values of the central neutron detectors
together with the averaged values of the three outer neutron detectors from capsules 2, 6
and 10. These values had been used as the damage dose of the irradiated specimens.

The temperature distributions from Fig. 2-6 are calculated values. But in no case the tem-
perature melting detectors of the lowest temperature of 343°C situated in the top of the cen-
tral tube and in the outer positions of capsules 1, 5 and 9 had been indicated any reaction.

2.4 Irradiated materials

Small size cylindrical specimen for tensile and low cycle fatigue testing and the KLST speci-
men for impact testing were utilised to investigate the mechanical properties after irradiation
of the materials shown in Table 2-2 together with their heat denomination and chemical com-
position. The ARBOR 1 irradiation rig contains 150 mini-tensile/low cycle fatigue specimens
and 150 mini-impact (KLST) specimens of the 9 different RAFM steels.

The European RAF/M heat EUROFER 97 is included in two annealing conditions. EUROF 1:
EUROFER 97 (as received: 980°C 31 min/air cooled + 760°C 90 min/ air cooled), EUROF 2:
EUROFER 97 (1040°C 31 min/ air cooled + 760°C 90 min/ air cooled). Whereas EUROF 1 is
optimised for good fatigue resistance and EUROF 2 for good impact ductile to brittle behav-
iour. The Japanese RAF/M steel F82H mod. is implemented as international reference steel:
F82H mod. (as received: 1040°C 38 min/ air cooled + 750°C 2h/ air cooled). The German
development OPTIFER IVc, OPT IVc: (950°C 30 min/ air cooled + 750°C 2h/ air cooled), is
included as reference material to be compared to data from the HFR-irradiations. The follow-
ing three materials ADS 2, ADS 3 and ADS 4, based on EUROFER 97, are experimental
heats to study the He influence on RAF/M-steels. ADS 2 is an EUROFER 97-steel with 82
wppm nat. B (1040°C 31 min/ air cooled + 760°C 90 min/ air cooled), ADS 3 an EUROFER
97-steel with 83 wppm B10 (1040°C 31 min/ air cooled + 760°C 90 min/ air cooled) and ADS
4 an EUROFER 97-steel with 1160 wppm B10 (1040°C 31 min/ air cooled + 760°C 90 min/
air cooled).

A real feature of this ARBOR 1 irradiation was the implementation of specimens of mechani-
cally alloyed EUROFER 97 with 0,5% Y,03 as the recent development of higher heat resis-
tant RAF/M-steels. The specimen denomination is EURODShip: as received: 980°C 31 min/
air cooled + 760°C 90 min/ air cooled.

The NRG, Petten, contribution covers technological questions with a British Steel batch of
EUROFER 97, called BS-EUROF: as received (1050°C 60 min/ air cooled + 760°C 120 min/
air cooled), as reference material for electron beam welded EUROFER 97, called EUROF-
EB: as received (980°C 31 min/ air cooled + 760°C 90 min/ air cooled), then EB welded with
a post weld heat treatment at 730°C 120 min/ air cooled
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2.5 Specimens

Based on the knowledge gained from earlier fatigue experiments a tensile/low cycle fatigue
specimen geometry (Fig. 2-7) has been developed and optimised by finite element calcula-
tions using different material models. Special emphasis has been put on the radius of curva-
ture at the end of the gauge length to achieve throughout the gauge volume homogeneous
stress-strain fields under uniaxial push-pull fatigue testing conditions [5]. The surface quality
after the radial grinding procedure is Ryax = 2.5 ym.

$3-0.02

©]0.02[D1]
//10.02]c| =
[0.01]ABR] -
D1, D2, D3=92:0.05 L1 i
PL=7.6%0.02 D2 !

R F—|[-O)]o.02]p1] g

03 L Q82 o~
5: g

centerhole @ 0.5
and 0.5 mm deep

Fig. 2-7 Tensile/Low Cycle Fatigue specimen

The miniaturised tensile and LCF specimen geometry exactly fits in length and thickness to
the geometrical dimensions of the KLST specimen: 27 mm x M4 with a weight of: 1,2991 g.
The dimensions of the gauge length are 7.6 mm x @2 mm. It has been developed specially
for use in irradiation programmes. 30 specimens are irradiated on each level (i.e. capsule) of
the irradiation rig. The LCF/Tensile-specimens have one laser made engraving on one top
side. A set of at least 5 specimens is needed for generating a convenient set of fatigue data.

The KLST mini 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, SIENA and SPICE [a]), as a result of which a wide data base is avail-
able on this geometry. In the ARBOR 1 irradiation 30 specimens are irradiated on each level
(i.e. capsule) of the irradiation rig. The KLST-specimens have two mechanically made en-
gravings left and right on the top side. For determining the Ductile to Brittle Transition Tem-
perature (DTTB), a set of at least 6 specimens is necessary [5].

10
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150 Specimens are to be irradiated. 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. The KLST mini
impact specimen is depicted in Fig. 2-8.

+0.05

N B

0.05

t

135:0.02

27:0,05

Fig. 2-8 KLST impact specimen

The specimens have been fabricated at FZK’s central workshop. All specimens have been
measured and comply with the tolerance dimensions indicated in the drawings. The complete
dimension tables for the different materials are reported in a technical report. All KLST-
specimens and LCF/Tensile-specimens have been 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 has been performed on 20.9.2000 by D. Rodrian. All KLST-specimens and
LCF/Tensile-specimens have been 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 has been performed on 22.9.2000 by D. Rodrian and C. Peter-
sen.

The specimens were handed over to SSC RIAR on 17. October 2000. An associated techni-
cal documentation was delivered as well [4]. The specific position foreseen for each separate
specimen in the sample holder is documented.

2.6 Performance of the irradiation experiment ARBOR 1:

After the first negotiations between the State Scientific Center of the Russian Federation with
its Research Institute of Atomic Reactors (SSC RIAR), Dimitrovgrad, and FZK, IMF II, the
irradiation procedure has been defined in different Memoranda and a contract had been
signed between both partners.

11
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The assembly of the irradiation device at SSC RIAR had been prepared from mid 2001 on.
After thermal physical calculations, the manufacturing and implementation of neutron moni-
tors as well as the loading of the samples, hydraulic testing of complete irradiation device
has been performed. When the irradiation rig was installed in the core of the reactor BOR 60
and the irradiation started, SSC RIAR delivered after each reactor cycle a so called Techni-
cal Report that described the specific conditions of the cycle and the damage dose reached.
The first irradiation campaign was as scheduled in position D-23 i.e. the instrumented cell
located in the 5™ row of the BOR 60 reactor, to specify the required irradiations parameters.
The start of the irradiation was in cycle 72, i.e. 25.11.2000. To reach the target damage dose
of 30 dpa, 5 cycles were needed, first in the instrumented position D-23, than in an identical
position G-23 in the 5" row of the core. The irradiation ended with cycle 75a on 15.10.2002.

The final analysis of the neutron monitors had been available in May 2003 after the end of
the analysis period [4].

In the following tables are listed the identifications of all 10 materials of the ARBOR 1 irradia-
tion (Tab. 2-4), the identification of heats, thermal treatments and amount of specimens of
the 10 materials irradiated in the ARBOR 1 irradiation (Tab. 2-5), the identification of speci-
mens of the ARBOR 1 irradiation (Tab. 2-6) and the correlation of materials to the identifica-
tions numbers of the ARBOR 1 irradiation (Tab. 2-7).

In a next step, that has been negotiated between EFDA and FZK in 2002, it was decided to
select 50 % of the irradiated samples to be mechanically postirradiation examined (PIE 1) by
tensile testing, low cycle fatigue testing and in impact tests in the hot cells of the material
science laboratory of SSC RIAR. The remaining 50 % of the specimens were irradiated in the
ARBOR 2 irradiation [4].

12
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Postirradiation examination

3 Postirradiation examination

3.1 Test conditions

The post irradiation mechanical testing of the selected specimens of the ARBOR 1 irradiation
(Tables 3-1 and 3-2) is performed at the material science laboratory of SSC RIAR under the
ISTC Partner Project #2781p.

After dismantling, transportation and decontamination of the specimens the post-irradiation
experiments had been planned to be started in mid of 2004. Difficulties evolved from the de-
livery of both - from FZK - contributed testing facilities to be implemented in the hot cells of
SSC RIAR delayed the planned start PIE 1 at SSC RIAR. Therefore the cold check out of
both facilities was finished in June 2004 and the first PIE 1 test started in August 2004.

Fig. 3-1  Electro-mechanical testing machine with three zone furnace and high temperature
extensometer in the hot cells of RIAR

Tensile and LCF tests are performed with an electro-mechanical testing machine INSTRON
1362 DOLI, Fig. 3-1, equipped with a three-zone furnace up to 1000°C and a high-
temperature MAYTEC extensometer [4]. Tensile specimens are tested under static (tensile)
loading at different temperatures (250, 300 and 350 °C) with a strain rate of 3x10 s™. From
the load-displacement curves, strength and strain quantities like the 0.2% yield stress (Rpo.2),
ultimate tensile strength (Ry,), uniform strain (Ag) and total strain (A) are calculated. Reduc-
tion of area (Z) was measured from photos of the broken specimens taken after testing.

The LCF loading was performed at a constant temperature of 330 °C with different total
strain ranges (Agyt) between 0.8% and 1.2% with a strain rate of 3x10° s™'. The number of
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Postirradiation examination

cycles to failure (Nf) was defined at a point where a peak tensile stress decreased by 30%
from its value at point marking the termination of the linear dependence of peak tensile stress
on the number of cycles (Np).

Fig. 3-2  Instrumented impact testing facility with transporting system, cooling facil-
ity/furnace and specimen positioning system implemented in the hot cells of RIAR

Impact tests were performed with a ZWICK 5113-HKE instrumented impact testing facility,
Fig. 3-2, equipped with a pendulum hammer of 25 J impact energy, an impact velocity of
3.85 m/s and a test temperature range of -180°C to 600°C [4]. The impact energies (E) vs.
test temperature (T) curves were analyzed with respect to the upper shelf energy (USE) and
the ductile-to-brittle transition temperature (DBTT), see e.g. [4] for the test and evaluation
procedures.
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Postirradiation examination

From specimens of these post irradiation experiments, like tensile, fatigue and impact tests,
especially selected parts of deformed and undeformed areas had been transported for frac-
tographic and micro structural investigations to FZK’s Fusion Materials Laboratory, FML, in
2007.

Tab. 3-4 Specimens of the PIE 1 of the ARBOR 1 irradiation selected for transport to
FZK
Material Quantity of sam- | Sample Sample numbers Comments
ples *) type

EUROF 1 2,5 KLST One half of E1 01 -E 105, Charpy samples

EUROF 1 2,5 FZK-type One halfof E1 15-E 1 17, Tensile/Fatigue
one fullofE1 18 samples

EUROF 2 4 KLST One half of E2 01 - E 2 06, Charpy samples
one full of E 2 08

EUROF 2 2,5 FZK-type One halfof E2 15-E 2 17, Tensile/Fatigue
one fullof E2 18 samples

F82 H mod. 4 KLST One half of F 01 - F 06, Charpy samples
one full of F 07

F82 H mod. 1,5 FZK-type One halfof F 10 - F 12 Tensile/Fatigue

samples

OPTIFER 4 3 KLST One half of OT 01 and OT 03 - OT 05, | Charpy samples
one full of OT 07

OPTIFER 4 2,5 FZK-type One half of OT 06 - OT 08, Tensile/Fatigue
one full of OT 09 samples

ADS 2 3 KLST Three full of A213-A215 Charpy samples

ADS 2 2,5 FZK-type One half of A209-A2 11, Tensile/Fatigue
one fullof A2 12 samples

ADS 3 3 KLST Three full of A313-A3 15 Charpy samples

ADS 3 2,5 FZK-type One halfof A309-A3 11, Tensile/Fatigue
one full of A 3 12 samples

ADS 4 3 KLST Three fullof A4 05 - A 407 Charpy samples

ADS 4 1,5 FZK-type One half of A4 01-A403 Tensile/Fatigue

samples

EUROFER- 2,5 FZK-type One half of E O 10, E O 12, E O 15 | Tensile/Fatigue

ODS HIP and one full of E O 17 samples

(0.5% Y,0s5)

*) Quantity of samples is the sum of halves of samples and full samples

Remark: Tensile and Charpy specimens contributed by NRG are still at the hot cells of RIAR.
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4 Testing results

4.1 Impact testing

The instrumented impact tests on irradiated KLST specimens have been performed the in-
strumented ZWICK 5113-HKE impact testing facility in hot cell VK-390of the materials de-
partment of RIAR. This facility is identical with that one at FZK used for testing the unirradi-
ated reference specimens. Both facilities have 25 J pendulum impact hammers with strikers
implemented with strain gauges and a radius of 2 mm. The specimen support has a distance
of 22 mm and the impact velocity was 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 PC. Data were 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 received and has
been plotted vs. test temperature, T, as is shown in the following figures

Characteristic values of these curves are the Upper Shelf Energy, USE, which is the maxi-
mum in the E vs. T-diagram and the Ductile to Brittle Transition Temperature, DBTT. For the
determination of DBTT in most cases the temperature at USE/2 is used. These values are
listed in Table 4-1 and 4-2 together with the ADBTT- and AUSE-values.

Tab. 4-1 Results of impact tests on FZK’'s KLST specimens from the ARBOR 1 irradia-
tion experiment (31.8 dpa, 332°C)

Materials, DBTT |DBTTir.|ADBTT| USE | USE | AUSE
Irradiation conditions unirr. [°C] [°C] [°C] unirr. [J] | irr. [J] [J]

E;JZRO%T?? : zs: received, | g4 137 218 |9.84 701 |-2.83
Eéf‘%fi?. : z;aeat treated, | g9 107 197 |9.84 676 |-3.08
gggH Cm‘;;?) apa _72 148 220 |9.41 503 |-4.38
SszT"Ic\;/,Céz.e, apa 105 |48 153 |9.12 584 |[-3.28
ﬁ;ﬁél EF;;?E;ZZ d‘g’;’pm _74 174 248 |8.81 560 |-3.21

ﬁg’s?’z; ECUF;;)Z ;p;% WPPM| 100|174 274 |8.92 578 |-3.14

N i RPN PR P FI Py
52;0232”333; EU;O; d;a 1135 382 247  |2.54 151  |-1.03
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Tab. 4-2 Results of impact tests on NRG’s KLST specimens from the ARBOR 1 irradia-
tion experiment

Materials, DBTT |DBTTirr.|ADBTT| USE USE | AUSE
Irradiation conditions unirr. [°C] [°C] [°C] unirr. [J] | irr. [J] [J]
BS-EUROFER, - 87 70 157 9.16 6.26 -2.90

338 °C, 22.4 dpa

EUROFER 97, EB welded,

332 °C, 31.8 dpa - 88 145 233 11.15 5.49 - 5.66

The impact testing results of irradiated EUROFER 97 in two conditions show a remarkable
shift in DBTT towards temperatures above 100°C. As can be seen from Fig. 4-1 there is no
difference of both EUROFER 97 modifications in the unirradiated reference conditions. But
after the irradiation of 31.8 dpa the increase in DBTT is 21 °C higher for the as received EU-
ROFER 97. Whereas the reduction of USE for both irradiated conditions is very similar. Both
tendencies had been found already in the post irradiation of the SPICE irradiation [18].

In Figs. 8-1 to 8-4 of the Annex the original Force (Kraft) vs. Time (Zeit) curves and the
analysis of RIAR are shown for as received EUROFER 97 and annealed EUROFER 97, re-
spectively. In addition to the curves are depicted in Figs. 8-21 to 8-26 of the Annex macro
graphic views of the tested specimens of as received EUROFER 97 and annealed EURO-
FER 97, respectively.

12
1 f EUROFER 97
10 Chg. 83697
9 F
r A
8 F o
= ;
£7F \
- (@)
56 F
3 r
c 5 -
w 3
4 F unirradiated
. O As received 980°C, 31min + 760°C, 90min
3 a A 1040°C, 30min + 760°C, 90min
2 ARBOR1, 31.8dpa, T = 332°C
1 F @ As received 980°C, 31min + 760°C, 90min
8 A 1040°C, 38min + 760°C, 90min
0'... PN I T T Y T S S T O Y S S

-150 -100 -50 0 50 100 150 200 250 300 350 400 450 500
Test Temperature in °C

Fig. 4-1  Impact energy vs. test temperature for unirradiated and 31.8 dpa, 332.2°C, irradi-
ated EUROFER 97 in the as received (980°C) and heat treated (1040°C) condi-
tion.
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For F82H mod., depicted in Fig. 4-2, the DBTT after the 31.8 dpa irradiation is with 148°C
much higher than that of EUROFER 97. But the ADBTT of 220 °C is comparable to as re-
ceived EUROFER 97. Also the USE is with 5 J much lower. It shows with a AUSE of — 4.38 J
the greatest reduction in upper shelf energy of all tested base materials.

In Figs. 8-5 and 8-6 of the Annex the original Force (Kraft) vs. Time (Zeit) curves and the
analysis of RIAR are shown for as received F82H mod.. In addition to the curves are de-
picted in Figs. 8-27 and 8-28 of the Annex macro graphic views of the tested specimens of
as received F82H mod..

12
M F82H-MOD.
10 E Chg. 9741
8 F
= ;
£ 7F
>6 F
5 r
riR: °
4 F
3 E unirradiated
; O 1040°C 38 min/air + 750°C 2h/air
2
1 8 O ARBOR1, 32.3dpa, T = 332°C
' 2 @ 1040°C 38 min/air + 750°C 2h/air
0-||||||||I||||I||||l||||l||||I|||||||||I||||I|A||I||||I||||I|||

-150 -100 -50 0 50 100 150 200 250 300 350 400 450 500
Test Temperature in °C

Fig. 4-2 Impact energy vs. test temperature for unirradiated and 32.3 dpa, 333.2°C, irradi-
ated F82H mod. in the as received condition.

The best results of all irradiated ferritic/martensitic materials had been received for 32.3 dpa
irradiated OPTIFER IVc with a DBTT of 48°C and an USE near 6 J, as can be seen from Fig.
4-3.

In Figs. 8-7 and 8-8 of the Annex the original Force (Kraft) vs. Time (Zeit) curves and the
analysis of RIAR are shown for OPTIFER IVc. In addition to the curves are depicted in Figs.
8-29 and 8-30 of the Annex macro graphic views of the tested specimens of OPTIFER IVc.
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12 ¢
L OPTIFER IVc
10 F Chg. 986779
ot
8 f
- |
£ 7F
> 6 F
3 r
m °
4t
£ unirradiated
3t O 950°C 30min/air + 750°C 2h/air
2 C
ARBOR1, 32.3dpa, T = 332°C
1k @ 950°C 30min/air + 750°C 2h/air
0 'Q.Qui.xu.l.u|.|..J_.||...||..|||..||..|.|.||.|.||.|.|..||..|l|..|

-150 -100 -50 0 50 100 150 200 250 300 350 400 450 500
Test Temperature in °C

Fig. 4-3 Impact energy vs. test temperature for unirradiated and 32.3 dpa, 333.2°C, irradi-
ated OPTIFER IVc in the as received condition.

USE of the 82 wppm natural Boron steel (ADS 2, Fig. 4-4) and the 83 wppm '°B isotope steel
(ADS 3, Fig. 4-5) in the unirradiated reference condition results in a slightly lower value (ca.
0.9 J) than the USE of unirradiated, heat treated EUROFER 97. Therefore the alloying effect
of Boron on impact properties can be neglected.

In Figs. 8-9 and 8-10 of the Annex the original Force (Kraft) vs. Time (Zeit) curves and the
analysis of RIAR are shown for ADS 2. And in Figs. 8-11 and 8-12 of the Annex the original
Force (Kraft) vs. Time (Zeit) curves and the analysis of RIAR are shown for ADS 3. In addi-
tion to the curves are depicted in Figs. 8-31 to 8-34 of the Annex macro graphic views of the
tested specimens of ADS 2 and ADS 3, respectively.

Whereas the Boron doped model alloys ADS 2 and ADS 3 of EUROFER 97 show a de-

graded neutron irradiation resistance in the USE compared to 32.3 dpa irradiated, as re-
ceived EUROFER 97 by ca. 15 %, even if the irradiation damage was about 10 dpa lower.
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Fig. 4-4 Impact energy vs. test temperature for unirradiated and 22.4 dpa, 338.4°C, irradi-

ated ADS 2 in the as received condition.

DBTT'’s of the 82 wppm natural Boron steel (ADS 2, Fig. 4-4) and the 83 wppm '°B isotope
steel (ADS 3, Fig. 4-5) in the unirradiated reference condition result in a similar range than
the DBTT of unirradiated, heat treated EUROFER 97. But the shift of this quantity at 22.4
dpa irradiation damage is about + 65°C compared to 32.3 dpa irradiated EUROFER 97.

12
11 : ADS 3 unirradiated
0 s Chg: 826 A 1040°C, 30min + 760°C, 90min
g ARBOR1, 22.4dpa, T = 332°C
9 F A 1040°C, 30min + 760°C, 90min
8 f e
o ¢t
£7F
6t
€ 5F
L b
4 F
3 f
2 f
1 4 A
0 '...Al..u.l..u. PN I T T T T ST AT S T T NN T ST S AN S T T N T ST T A T T T NN T T T S T S T S 1
-150 -100 -50 50 100 150 200 250 300 350 400 450 500
Test Temperature in °C
Fig. 4-5 Impact energy vs. test temperature for unirradiated and 22.4 dpa, 338.4°C, irradi-

ated ADS 3 in the as received condition.
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The 1120 wppm '°B isotope steel (ADS 4, Fig. 4-6) results in the unirradiated reference con-
dition with an USE of 5.5 J and a DBTT of — 12°C already in such a low range that it can be
assumed this high alloying by Boron influences impact properties dramatically.

In Fig. 8-13 of the Annex the original Force (Kraft) vs. Time (Zeit) curves are shown for ADS
4. In addition to the curves are depicted in Figs. 8-35 and 8-36 of the Annex macro graphic
views of the tested specimens of ADS 4.

Under irradiation with 32.3 dpa at 333.2°C ADS 4 shows extremely brittle behaviour in the
tested temperature area between 170°C and 450°C. A better understanding of this behaviour
is expected after the micro structural examination performed at the hot cells of FZK Ilater.
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Fig. 4-6  Impact energy vs. test temperature for unirradiated and 32.3 dpa, 333.2°C, irradi-
ated ADS 4 in the as received condition.

DBTT of the ODS EUROFER with 0.3 % Y,0;3 (Fig. 4-7) in the unirradiated reference condi-
tion results in a value of 132 °C and an USE of 2.54 J which is in a range that is out of tech-
nical relevance, because the material is brittle. Also the shift of these quantities after 31.8
dpa irradiation damage with a DBTT of 382 °C and an USE of 1.51 J is far from a material
that can be used for the construction of a fusion reactor. For further development and a bet-
ter understanding of this behaviour the micro structural examination performed at FZK later
will serve new information.

In Figs. 8-14 and 8-15 of the Annex the original Force (Kraft) vs. Time (Zeit) curves and the
analysis of RIAR are shown for ODS EUROFER with 0.3 % Y,0;. In addition to the curves
are depicted in Fig. 8-37 of the Annex macro graphic views of the tested specimens of ODS
EUROFER with 0.3 % Y20s.
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Fig. 4-7 Impact energy vs. test temperature for unirradiated and 31.8 dpa, 332.3°C, irradi-
ated ODS EUROFER in the as received condition.

The BS EUROFER steel (Fig. 4-8) results in the unirradiated reference condition with a
DBTT of — 87 °C and an USE of 9.16 J in a similar range as the as received EUROFER 97.
After the 22.4 dpa irradiation damage it reacts with a DBTT of 70 °C better than the 31.8 dpa
irradiation damaged, as received EUROFER 97 and with an USE of 9.16 J in a similar range.

In Figs. 8-16 to 8-18 of the Annex the original Force (Kraft) vs. Time (Zeit) curves and the
analysis of RIAR are shown for BS EUROFER. In addition to the curves are depicted in Figs.
8-38 to 8-41 of the Annex scanning electron micrographic and macro graphic views of the
tested specimens of BS EUROFER.

For the electron beam welded EUROFER of NRG (Fig. 4-9) we received in the reference
impact experiments of the unirradiated material with a DBTT value of — 88 °C and an USE of
11.19 J similar or even better results than the as received EUROFER 97. But the scatter of
data was higher than with the base material.

In Figs. 8-19 and 8-20 of the Annex the original Force (Kraft) vs. Time (Zeit) curves and the
analysis of RIAR are shown for EUROFER EB welded. In addition to the curves are depicted
in Figs. 8-42 to 8-45 of the Annex macro graphic views of the tested specimens of EURO-
FER EB welded.
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Fig. 4-9 Impact energy vs. test temperature for unirradiated and 33 dpa, 332°C, irradiated

EUROFER 97 EB in the post weld heat treated condition. For comparison also
data of a 2.56 dpa, 300°C, HFR irradiation is shown.
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Fig. 4-10 shows the evolution of the embrittlement due to neutron irradiation, i.e. DBTT, as
function of the irradiation damage up to 30 dpa for the materials irradiated in the ARBOR 1
irradiation. Impact data had been taken from irradiations with irradiation temperatures be-
tween 300 and 338 °C. For comparison literature results from MANET-I, F82H, OPTIFER 1a
and OPTIFER-V are also included. In case of EUROFER 97 a differentiation is made be-
tween specimens from as received material (Anl., 980 °C) and specimens subjected to pre-
irradiation heat treatment (WB, 1040 °C). The pre-irradiation heat treatment of EUROFER 97
leads to a considerable improvement of the irradiation resistance at doses up to 30 dpa. All
three steels show steep increase in the DBTT with dose below 10 dpa. At the achieved
doses a clear tendency to saturation of embrittlement is identified. Indeed, for 31.8 dpa at
332 °C irradiation the DBTT of EUROFER 97 is found to be = 137 °C.
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250 + ] ] A F82H/F82H mod., [1998]
A F82Hmod., CHARIOT [2000]
A F82Hmod., ARBOR 1
150 d

@ EUROFER 97 Anl., WTZ, ARBOR 1
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DBTT in °C

X BS- Eurofer, ARBOR 1

¢ OPTIFER IVc, ARBOR 1
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A
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0

5 10 15 20 25 30 35
Irradiation damage in dpa

Fig. 4-10 Comparison of irradiation dependence on the Ductile to Brittle Transition Tem-
perature behavior for different technically relevant RAF/M steels compared to
conventional 12% Cr steel MANET-I

The evolution of the increase of irradiation embrittlement with the dose in Fig. 4-11 is qualita-
tively similar to the evolution of the irradiation hardening of tensile testing results. This simi-
larity makes it reasonable to use an equation of the form: ADBTT=ADBTT(1-exp(-®/d,))"?,
with ADBTT, as the saturation embrittlement, for phenomenological description of the dose
dependence of the embrittlement. For further information see [19].

From the knowledge of these results of the PIE of ARBOR 1 a saturation embrittlement
seems to be reached, but a better understanding will be achieved after PIE of ARBOR 2

where an irradiation damage of ca. 70 dpa is obtained.
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Fig. 4-11  Comparison of irradiation dependence on the irradiation induced increase of the
Ductile to Brittle Transition Temperature behavior for different technically rele-
vant RAF/M steels compared to conventional 12% Cr steel MANET-I

4.2 Tensile testing

The tensile tests are performed with a tensile/LCF testing facility of INSTRON-DOLI 1362
type, equipped with a 100 KN load cell, a high temperature furnace and a strain measure-
ment system (details in Annex B, Fig. 9-1), installed in the K-12 hot cell of the SSC RF RIAR.
For comparison results from other recently published irradiation campaigns are included. But
these results were generated on different specimen shapes and under different tensile test-
ing conditions. Tensile tests have been performed on four different kinds of specimens types
utilized in the different irradiations. NRG (SIWAS-04, SUMO-02) irradiated cylindrical speci-
mens of 20 mm gauge length and 4 mm diameter and performed the tests with a strain rate
of 5x10* s [22]. In the SPICE irradiation cylindrical specimens of 18 mm gauge length and 3
mm diameter are tensile tested under vacuum with a strain rate of 1x10* s [23]. In the 15
dpa WTZ 01/577 irradiation cylindrical specimens of 15 mm gauge length and 3 mm diame-
ter are tensile tested with a strain rate of 3x10° s[24].

Even if one takes into account the slightly different tensile testing conditions, a continuous
increase of the Yield Stress is detectable with increasing irradiation damage.

Considerable changes due to irradiation hardening are found in the Ryo2- and Ry-values,
Figs. 4-12 and 4-13. from tensile data of EUROFER 97.
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Fig. 4-12  Yield Stress (Rp2) behaviour of 30,2 dpa irradiated EUROFER 97 as a function
of test temperature compared to other irradiated and unirradiated data (the tem-
perature in the legend indicates the irradiation temperature)

The reference tensile test performed at NRG and FZK (Fig. 4-12) concerning the stresses
are in a close scatter band and give a good basis for the interpretation of the tensile results.
With increasing irradiation damage (2.5, 10, 15 and 30 dpa) stress values of as received
EUROFER 97 are increasing continuously.

So in Fig. 4-12 the 2.5 dpa damage (SIWAS-04) has the lowest increase of around 300 MPa
in Yield Stress and the 30.2 dpa damage (ARBOR 1) the highest increase of around 460
MPa in Yield Stress, that is nearly a duplication of the unirradiated quantity.

But irradiation temperature plays a big role as the 15 dpa value of the SPICE irradiation at a
temperature level of 350°C shows. At this higher temperature the irradiation hardening is
more than 100 MPa lower in Yield Stress (Ry02) compared to the 300 and 250°C values.

The same influence has the irradiation hardening on the Ultimate Tensile Strength (Rn) of
EUROFER 97. But the stress increase from Ry. to Ry of unirradiated material is much
higher than after irradiation. Therefore in Fig. 4-13 the 2.5 dpa damage (SIWAS-04) has the
lowest increase of around 200 MPa in Ultimate Tensile Strength and the 30.2 dpa damage
(ARBOR 1) the highest increase of around 410 MPa in Ultimate Tensile Strength that is
nearly a duplication of the unirradiated quantity.
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Fig. 4-13  Ultimate Tensile Strength (R.,) behaviour of 30,2 dpa irradiated EUROFER 97 as
a function of test temperature compared to other irradiated and unirradiated data
(the temperature in the legend indicates the irradiation temperature)

The reference tensile test performed at NRG and FZK (Fig. 4-14) concerning the strains are
in a certain scatter band but also give a good basis for the interpretation of the tensile results.
With increasing irradiation damage (2.5, 10, 15 and 30 dpa) strain values of as received EU-
ROFER 97 are decreasing.

The effect of the irradiation damage on the Uniform Strain is also considerable - mostly Ag-
values below 0.5 % are reached - but does not depend so much of the damage dose as the
stress values.

So in Fig. 4-14 the 2.5 dpa damage (SIWAS-04) until the 30.2 dpa damage (ARBOR 1) the
decrease in Uniform Strain is very similar.

Irradiation temperature plays again a role as the 15 dpa value of the SPICE irradiation at a
temperature level of 350°C shows. At this higher temperature the reduction in Ay is not of that
quantity as with the lower temperatures but higher irradiation damages.

The influence of irradiation on the Uniform Strain (Ag) of EUROFER 97 leads to a situation
where technically not relevant strain values are reached. The Total Strain values in Fig. 4-15
do not show a consistent picture, because the reduction in Total Strain (A) do not follow a
sequence.
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Fig. 4-14  Uniform Strain (Ag) behaviour of 30,2 dpa irradiated EUROFER 97 as a function
of test temperature compared to other irradiated and unirradiated data (the tem-
perature in the legend indicates the irradiation temperature)
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Fig. 4-16  Yield stress increase due to irradiation damage compared to data of other irra-
diations (Test temperatures close to irradiation temperatures)

In Fig. 4-16 the yield stress increase is plotted in dependence of the irradiation damage for
irradiations performed around 300°C. Only the yield stress increase of specimens irradiated
at 350°C to 15 dpa damage (SPICE), that is not included in the fit, is much lower and dem-
onstrates the strong influence of irradiation temperatures in this temperature range between
300 and 350°C.

The radiation defects are acting as obstacles for the dislocations and lead to strong material
hardening which can be evaluated according to the following relationship

AG = Moub~ Nd (1)

with M being the Taylor factor, oo — an average obstacle strength, y — 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. For the case when different obstacle types contribute
to the hardening the resulting total hardening can be evaluated by Aot = 2Ac;, with the
summation over all obstacle types i [20].

The curve in Fig. 4-16 describes a phenomenological approach for the evolution of the radia-
tion defect density with irradiation dose that was given by Whapham and Makin in [21].

Within 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 al-
ready 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 achieve-
ment of a saturation value N;is expected:
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N=N, [1 - exp[— %H )

here ® denotes the irradiation dose and @y 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:

Ao =Ao, \/l—exp[—%] 3)

where Ao is the saturation value of hardening.

The solid line in Fig. 4-16 is a description of the irradiation hardening according to Eq. (3)
with Acs =492 MPa and @, =7.3 dpa. In spite of (i) differences in the irradiation conditions,
e.g. irradiation temperature and neutron flux density, (ii) differences in test conditions e.g.
specimen geometry, strain rate and (iii) scatter of experimental data, Eq. (3) describes quali-
tatively 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 evolution with damage dose will shed more light on the hardening
mechanism.

More detailed tensile results of EUROFER 97, F82H mod., OPTIFER IVc, EUROFER 97 with
different boron contents and ODS-EUROFER 97 are compared in the following tables and
figures. The gripping of the tensile specimen is given in Fig. 9-1 of Annex B. Tensile curves
also from the other tested temperatures of 250°C and 300°C with the analysis of RIAR (Figs.
9-2 to 9-9) and a series of macro photos from each tested specimen (Figs. 9-10 to 9-17) are
given in the Annex B.

Tab. 4-3 Results of tensile tests on specimens from the ARBOR 1 irradiation experiment
at 30.2 dpa and 336°C.
Material Thest Rpo.2 Rm Ag A Z
°C MPa MPa % % %
EUROFER 97 980°C 350 929,90 929,90 0,20 11,93 63,70
EUROFER 97 1040°C 350 916,00 916,10 0,18 9,85 65,70
F82Hmod. 350 913,00 915,00 0,22 5,69 38,20
OPTIFER IVc 350 932,30 939,40 0,16 11,47 56,30
ADS 2 350 888,60 891,90 0,37 8,76 47,60
ADS 3 350 918,10 924,30 0,34 8,42 11,72
ADS 4 350 1041,50 | 1058,70 0,42 2,52 14,20
EURODShip 0.5%Y,0; | 350 | 1047,10 | 1081,90 1,34 9,36 20,60
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Tab. 4-4 Results of cold reference tensile tests at 350°C for the ARBOR 1 irradiation
experiment (mean values of two experiments).
Material Rpo.2 Rm Aq A Z

MPa MPa % % %
EUROFER 97 980°C 471,95 515,76 2,27 20,81 88,42
EUROFER 97 1040°C 445,26 502,26 2,89 20,71 95,48
F82Hmod. 487,85 536,20 2,79 20,12 95,23
OPTIFER IVc 429,50 506,65 3,74 22,04 94,84
ADS 2 411,85 459,83 2,77 20,07 94,16
ADS 3 409,81 480,79 3,44 20,80 94,07
ADS 4 372,96 456,10 3,68 16,90 90,31
EURODShip 0.5%Y,05 709,66 833,95 6,72 14,04 84,82
Tab. 4-5 Results of irradiation influence on tensile tests at 350°C from the ARBOR 1 irra-

diation experiment.
Delta values for ARBOR 1 tensile tests
Material A Rpo.2 AR, AA AA AZ

MPa MPa % % %
EUROFER 97 980°C 457,96 | 414,14 -2,07 -8,88 -24,72
EUROFER 97 1040°C 470,75 | 413,84 -2,71 -10,86 -29,78
F82Hmod. 425,15 378,80 -2,57 -14,43 -57,03
OPTIFER IVc 502,80 432,75 -3,58 -10,57 -38,54
ADS 2 476,75 432,07 -2,40 -11,31 -46,56
ADS 3 508,29 443,51 -3,10 -12,38 -82,35
ADS 4 668,55 602,61 -3,26 -14,38 -76,11
EURODShip 0.5%Y,05 337,44 247,96 -5,38 -4,68 -64,22

In Tab. 4-3 are listed the ARBOR 1 irradiation damaged stress and strain values of EURO-
FER 97 as received (980°C), EUROFER 97 annealed (1040°C), F82H mod., OPTIFER IVc,
three EUROFER 97 with different boron contents (ADS 2, ADS 3 and ADS 4) and ODS-
EUROFER 97 (EURODShip 0.5%Y,03) tested at 350°C and with a strain rate of 3x10° s™.
Tab. 4-4 show cold reference values of the same materials under similar testing conditions.
Whereas in Tab. 4-5 the increases in stresses and the decreases in strains are depicted.

In Fig. 4-17 are depicted Yield Stress (Rp0,2) and Ultimate Tensile Strength (Rn,) behaviour of
30,2 dpa, 336°C irradiated RAF/M materials tested at 350°C. The irradiation hardening re-
sults in a high stress level between 890 and 930 MPa for EUROFER 97 (980°C), EUROFER
97 (1040°C), F82H mod., OPTIFER IVc, ADS 2 and ADS 3. Whereas ADS 4 and EUROD-
Ship with 0.5%Y,0; result in values above 1040 MPa. Characteristic for the strong irradiation
hardening is also the small stress increase between Ry, and Rn,.
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Fig. 4-17  Comparison of Yield Stress (Rp2) and Ultimate Tensile Strength (Rn,) behaviour

of 30,2 dpa, 336°C irradiated RAF/M materials tested at 350°C.
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Fig. 4-18  Comparison of Uniform Strain (Ag) and Total Strain (A) behaviour of 30,2 dpa,

336°C irradiated RAF/M materials tested at 350°C
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The Uniform Strain (Ag) and Total Strain (A) behaviour of 30,2 dpa, 336°C irradiated RAF/M
materials tested at 350°C in Fig. 4-18 show the dramatic reduction of A, after irradiation. The
A-values of EUROFER 97 (980°C), OPTIFER IVc, ADS 2 and ADS 3 as well as EURODShip
with 0.5%Y,0;, instead remain after irradiation above 8 % Total Strain. F82H mod. and ADS
4 remain on values of 5.7 % and 2.5 %, respectively.

The Reduction of Area (Z) behaviour of 30,2 dpa, 336°C irradiated RAF/M materials tested at
350°C in Fig. 4-19 gives with Z-values of above 40 % for EUROFER 97 (980°C and 1040°C),
OPTIFER IVc and ADS 2 a result of good ductility, but for F82H mod., ADS 3, ADS 4 and
EURODShip with 0.5%Y,03, a real brittle behaviour.
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Fig. 4-20  Comparison of Yield Stress (Rp2) and Ultimate Tensile Strength (Rn) behaviour
of unirradiated RAF/M materials tested at 350°C.

In Fig. 4-20 are displayed Yield Stress (Rpo2) and Ultimate Tensile Strength (Rn) behaviour
of cold reference materials tested at 350°C. The basic material results in a stress level
around 500 MPa for EUROFER 97 (980°C), EUROFER 97 (1040°C), F82H mod., OPTIFER
IVc, ADS 2, ADS 3 and ADS 4. Whereas for EURODShip with 0.5%Y,0; had been meas-
ured values above 700 MPa. The stress increase between Ry, and Ry, is for all tested mate-
rials very similar in the cold reference state.

The Uniform Strain (Ag) and Total Strain (A) behaviour of cold reference materials tested at
350°C in Fig. 4-21 show for EUROFER 97 (980°C), EUROFER 97 (1040°C), F82H mod.,
OPTIFER IVc, ADS 2, ADS 3 and ADS 4, Ag—values between 2 % and 4 % strain, that is a
good mean value for ferritic martensitic steels. The Ag—values of EURODShip with 0.5%Y,0s,
reach values above 6 % strain.

In Fig. 4-21 the EUROFER 97 (980°C), EUROFER 97 (1040°C), F82H mod., OPTIFER IVc,
ADS 2 and ADS 3 show with A-values above 20 % strain a high ductility. Total Strain values
of ADS 4 and EURODShip with 0.5%Y,03, remain slightly lover between 17 and 14 % strain,
respectively.

The Reduction of Area (Z) behaviour of unirradiated RAF/M materials tested at 350°C show
in Fig. 4-22 Z-values of around 90 % for EUROFER 97 (980°C) and ADS 4. Whereas EU-
ROFER 97 (1040°C), F82H mod., OPTIFER IVc, ADS 2 and ADS 3 result around 95 % that
demonstrate good ductility. Only EURODShip with 0.5%Y,0s3, is with Z-values of 85 % a little
bit less ductile.

41



Testing results

25

20

Strains, %

A
BUROFER  EyrROFER

. F82Hmod. A
97980°C g7 1040°C OPEFER 9
C

ADS 2

ADS 3

ADS4  EyRODShip

0.5

Fig. 4-21  Comparison of Uniform Strain (Ag) and Total Strain (A) behaviour of unirradiated
RAF/M materials tested at 350°C.
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Fig. 4-22  Reduction of area (Z) behaviour of unirradiated RAF/M materials tested at
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In Fig. 4-23 are displayed ratios of Yield Stress (ARyo2) and Ultimate Tensile Strength (ARy)
of cold reference materials to 30,2 dpa, 336°C irradiated material tested at 350°C. EURO-
FER 97 (980°C), is hardening in respect to ARy by 458 MPa and EUROFER 97 (1040°C) a
little bit higher by 471 MPa, whereas F82H mod. reaches only an ARy 2-value of 425 MPa.
OPTIFER IVc however, increase in Yield Stress by 503 MPa. The influence of the increasing
Boron doping in ADS 2, ADS 3 and ADS 4 is found in increasing ARy .-values of 477, 508
and 669 MPa, respectively. Whereas for EURODShip with 0.5%Y,03; hardens in ARy 2-only
by 337 MPa.

The ratio of Ultimate Tensile Strength (ARy,) of cold reference materials to 30,2 dpa, 336°C
irradiated material tested at 350°C (Fig. 4-23) is for EUROFER 97 (980°C) and EUROFER
97 (1040°C) very similar by 414 MPa, whereas F82H mod. reaches only an ARy-value of
379 MPa. OPTIFER IVc and ADS 2 are very similar in this quantity with AR-values of 432
MPa. ADS 3 and ADS 4 instead show increasing AR-values of 444 and 603 MPa, respec-
tively. Whereas for EURODShip with 0.5%Y,03 hardens in ARy-only by 248 MPa. The rea-
son is the very high R-value of 834 MPa of the unirradiated material.
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Fig. 4-23 Irradiation induced increase of Yield Stress (ARg.) and Ultimate Tensile
Strength (ARy,) behaviour of 30,2 dpa, 336°C irradiated RAF/M materials tested
at 350°C.

In Fig. 4-24 are displayed ratios of Uniform Strain (AA;) and Total Strain (AA) of cold refer-
ence materials to 30,2 dpa, 336°C irradiated material tested at 350°C. Uniform Strain of EU-
ROFER 97 (980°C), is reduced to AAg by — 2.07 % and of EUROFER 97 (1040°C) a little bit
lower by — 2.71 %, whereas F82H mod. reaches only an AAg-value of — 2.57 %. OPTIFER
IVc however, has a higher reduction of AA by — 3.58 %. The influence of the increasing Bo-
ron doping in ADS 2, ADS 3 and ADS 4 is found in regular AAj-values between — 2.40 and —
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3.26 %, respectively. Whereas for EURODShip with 0.5%Y,0; has the highest reduction of
AAg by —5.38 %.

The ratio of Total Strain (AA) of cold reference materials to 30,2 dpa, 336°C irradiated mate-
rial tested at 350°C (Fig. 4-24) is for EUROFER 97 (980°C) reduced to AA by — 8.88 % and
of EUROFER 97 (1040°C) a little bit lower by — 10.86 %, whereas F82H mod. reaches the
lowest AA-value of — 14.43 %. OPTIFER IVc however, has a similar reduction of AA as EU-
ROFER 97 (1040°C) by — 10.57 %. The influence of the increasing Boron doping in ADS 2,
ADS 3 and ADS 4 is found in a continuous reduction of AA-values between — 11.31 and —
14.38 %, respectively. Whereas for EURODShip with 0.5%Y,03; has the lowest reduction of
AA by —4.68 %.

The ratio of Reduction of Area (AZ) of unirradiated RAF/M materials tested at 350°C show in
Fig. 4-25 AZ-values of around — 25 to - 30 % for EUROFER 97 (980°C) and EUROFER 97
(1040°C). Whereas, F82H mod. has a much higher reduced value of AZ-values of — 57.03 %.
With OPTIFER IVc we received a AZ-value of — 38.54 %, In the ADS 2, ADS 3 and ADS 4
series AZ-values are much lower and reach at ADS 3 with AZ of — 82.35 % the lowest
amount of ductility. Also EURODShip with 0.5%Y,03, is with a AZ-value of — 64.22 % a little
bit less ductile.
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Fig. 4-24  Irradiation induced decrease of Uniform Strain (AAy) and Total Strain (AA) be-
haviour of 30,2 dpa, 336°C irradiated RAF/M materials tested at 350°C
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Fig. 4-25 Irradiation induced decrease of Reduction of area (AZ) behaviour of 30,2 dpa,
336°C irradiated RAF/M materials tested at 350°C

4.3 Low Cycle Fatigue Testing

The Low Cycle Fatigue (LCF) behaviour of RAFM steels irradiated to a displacement dam-
age doses up to 31 dpa at 331 °C in the ARBOR 1 irradiation programme are reported and
compared to other literature values, if available. The gripping of the LCF specimen is shown
in Fig. 10-1 of Annex C. The RIAR analysis is shown in Annex C for EUROFER 97 (980°C) in
the Figs. 10-2 to 10-11 of chapter 10.1, for EUROFER 97 (1040°C) in the Figs. 10-12 to 10-
19 of chapter 10.2, for F82H mod. in the Figs. 10-20, 10-21 and 10-24 to 10-29 of chapter
10.3, for EURODShip with 0.5%Y,0; in the Figs. 10-30, 10-31 and 10-34 to 10-39 of chapter
10.4, for electron beam welded EUROFER 97, EB in the Figs. 10-40 to 10-47 of chapter 10.5
and for BS-EUROFER in the Figs. 10-48 to 10-55 of chapter 10.6. Selected SEM micro-
graphs of broken specimens of F82H mod. (Figs. 10-22 and 10-23) and EURODShip with
0.5%Y,0;3 (Figs. 10-32 and 10-33) are found there.

The RIAR criterion to determine Nf was defined at a point where peak tensile stress of a cy-
cle decreased by 10% from an extrapolation line of peak tensile stresses vs. number of cy-
cles (N). Therefore the Nf results differ between our analysis and that of RIAR. Another dif-
ference is in the amount of irradiation damage, because RIAR took the calculated model
value and we the mean value of neutron detectors.

The comparison with the corresponding results in the unirradiated reference state was per-
formed with data of experiments in total strain control.
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Small size cylindrical specimens of 7.0 mm gauge length and 2 mm diameter were used for
the investigation of LCF properties. The strain controlled Low Cycling Fatigue loading was
performed at a constant temperature of 330 °C with different total strain ranges (Agt) be-
tween 0.6 and 1.2% and a strain rate of 3x10° s”. The number of cycles to failure (N;) was
defined at a point where peak tensile stress of a cycle decreased by 30% from an extrapola-
tion line of peak tensile stresses vs. number of cycles (N).

In the upper half of Tabs. 4-6 to 4-11 are listed the reference results of unirradiated speci-
mens - in most cases - two tests per total strain range. The lower half of the Tables contain
test results of the irradiated specimens, where only one test per parameter was possible.

EUROF 1 980°C, 31 min/air + 760°C, 90 min/air
Strain rate: 3x10 -3 [1/s].
EUROFER 97, 980°C (EUROF 1), unirr.

Specimen Temp,°C delta epsilon,% Nt unirrs -
1 330 0,8 1324
2 330 0,9 1258
3 330 1,0 907
4 330 1,2 763
5 330 0,8 1556
6 330 0,9 1470
7 330 1,0 736
8 330 1,2 572
10 330 0,6 2400
11 330 0,6 2250
EUROFER 97, 980°C (EUROF 1) irr., 31 dpa, 331°C,
Specimen, Test Temp,°C delta epsilon,% Ntirr, -
E 103,1 _747-1_753 330 0,81 20102
E104,1 773 330 0,91 2526
E102,1 741 330 1,01 769
E 101,1 736 330 1,21 14
E 105,1_759 330 0,90 3 not valid

Tab. 4-6 LCF data of unirradiated and irradiated EUROFER 97, as received.

The comparison of irradiated and unirradiated cyclically loaded specimens of EUROFER 97
(980°C), shown in Tab. 4-6 and Fig. 4-26, leads after LCF testing to an ambiguous behav-
iour. The results of the 31 dpa irradiation damage at 331°C can be described by two effects.
The first one occurs at high total strain ranges, At > 1 % where the material is loaded re-
markably over the yield stress point. Therefore in the second cycle no additional strain hard-
ening takes place and thus the numbers of cycles to failure are smaller than under unirradi-
ated conditions. Furthermore this effect should increase with increasing irradiation damage.
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Fig. 4-26  Effect of irradiation on the LCF behaviour of EUROFER 97, as received.

The second effect occurs at low total strain ranges, Agit < 1 % where the numbers of cycles
to failure of irradiated specimens are increasing. Analysing the hysteresis loops, very narrow
loops are recorded with little plastic strain contribution only. This is due to the irradiation in-
duced damage, which raised the yield stress point above the elastic strain range with in-
creasing irradiation damage.

Also for the 31 dpa irradiated EUROFER 97 (1040°C), shown in Tab. 4-7 and Fig. 4-27 a

similar tendency was found in LCF testing, but the increase in numbers of cycles to failure for
lower total stain ranges is not as high as for EUROFER 97 (980°C).
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EUROF 2 1040°C, 31 min/air + 760°C, 90 min/air
Strain rate: 3x10 -3 [1/s].
EUROFER 97, 1040°C (EUROF 2), unirr.

Specimen Temp,°C delta epsilon,% Nt unirrs -
1 330 0,8 1438
2 330 0,9 1574
3 330 1,0 1172
4 330 1,2 750
5 330 0,8 1623
6 330 0,9 1137
7 330 1,0 1285
8 330 1,2 582
EUROFER 97, 1040°C (EUROF 2) irr., 31 dpa, 331°C,
Specimen, Test Temp,°C delta epsilon,% Nsirr, -
E 202, 1 581-1_586 330 0,81 7993
E 204 ,1_597-1_606 330 0,92 1634
E 201, 1_569-1 573 330 1,01 1437
E 203, 1_591 330 1,21 906

Tab. 4-7 LCF data of unirradiated and irradiated EUROFER 97, heat treated.
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Fig. 4-27  Effect of irradiation on the LCF behaviour of EUROFER 97, heat treated.
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F82H mod. 1040°C, 38 min/air + 750°C, 2h/air

Strain rate: 3x10 -3 [1/s].

F82H mod., 1040°C, unirr.

Specimen Temp,°C delta epsilon,% Nt unirrs -

1 330 0,8 1430
2 330 0,9 1232
3 330 1,0 1293
4 330 1,2 768
5 330 0,8 1763
6 330 0,9 1668
7 330 1,0 1181
8 330 1,2 627
10 330 0,6 3500
11 330 0,6 2400

F82H mod., 1040°C irr., 31 dpa, 331°C,

Specimen, Test Temp,°C delta epsilon,% Ntirr, -
FO05,1 697 330 0,8020 4757
F04 ,1 691 330 0,9050 1222
F02,1 685 330 1,0070 1324
FO01,1 678 330 1,2090 806

Tab. 4-8 LCF data of unirradiated and irradiated F82H mod., as received.
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Fig. 4-28  Effect of irradiation on the LCF behaviour of F82H mod.
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Also for the 31 dpa irradiated F82H mod., shown in Tab. 4-8 and Fig. 4-28 a similar tendency
was found in LCF testing, but the increase in numbers of cycles to failure for lower total stain
ranges is not as high as for EUROFER 97 (1040°C).

In Figs. 10-22 and 10-23 of chapter 10.3 of Annex C scanning electron beam micrographs of
broken specimens of the fife LCF experiments on F82H mod. are shown. The cracks are
starting from the surface and damaging the specimen in each loading cycle as can be de-
tected on the cleavage appearance of the fracture surface. Which role the detected surface
change is playing, that is supposed to be generated during the sodium contact of the speci-
men during irradiation campaign, should be analysed in more detail during microstructural
analysis at FZK.

EURDShip 980°C, 31 min/air + 760°C, 90 min/air
Strain rate: 3x10 -3 [1/s].
EURODShip, 980°C, unirr,

Specimen Temp,°C delta epsilon,% Nt unirrs -
1 330 0,8 1931
2 330 0,9 1850
3 330 1,0 551
4 330 1,2 325
5 330 0,8 1358
6 330 0,9 941
7 330 1,0 1112
8 330 1,2 339
9 330 0,6 9250
12 330 0,6 9250
EURODSNhip, 980°C, irr, 31 dpa, 331°C
Specimen, Test Temp,°C delta epsilon,% Ntirr, -
E O06,1 722-1 729 330 0,7950 8398
E O08,1 709 330 0,8980 2144
E 0O03,1 704 330 1,0050 388
EO01,1 716 330 1,2040 295

Tab. 4-9 LCF data of unirradiated and irradiated EUROFER 97 with 0.3 % Y,03, heat
treated.

As ODS-EUROFER 97 with 0,5 % Y,03; had also been included in the ARBOR 1 irradiation,
the results of LCF testing of these specimens after irradiation to 31 dpa damage at 331°C
seems really encouraging. In Tab. 4-9 and Fig. 4-29 the LCF behaviour after irradiation is
compared to that of unirradiated specimens. Even if the material reaches in the unirradiated
state at higher total strain ranges, Agit > 1 %, the lowest numbers of cycles to failure, com-
pared to EUROFER 97 (980 and 1040°C) and F82H mod., the increase of numbers of cycles
to failure in the lower total strain ranges, Aeit < 1 %, is remarkable. At low total strain ranges
a higher number of cycles to failure could be achieved on irradiated ODS-EUROFER 97 with
0,5 % Y503, than for F82H mod.. The above mentioned influence of irradiation on LCF be-
haviour was found also on this material.
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In Figs. 10-32 and 10-33 scanning electron beam micrographs of broken specimens are
shown. The crack appearance is completely changed compared to conventional fer-
ritic/martensitic steels and the broken surface is very fine structured and flat. Which role the
detected surface change is playing, that is supposed to be generated during the sodium con-
tact of the specimen during irradiation campaign, should be analysed in more detail during
microstructural analysis at FZK.
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Fig. 4-29  Effect of irradiation on the LCF behaviour of ODS-EUROFER with 0,5 % Y,0;

To compare the LCF behaviour of EUROFER 97-NRG only reference data of the NRG report
[22] where available and even if specimen sizes and raw materials for specimens preparation
are different the findings are similar. For comparison also NRG results of a 2 dpa irradiation
at 300°C had been taken from the same report.

All tests at NRG were performed at 300°C, to avoid effects of creep. The applied total strain
ranges are from 0.6 to 1.4 %. All tests were continued until complete separation occurred,
but the N¢values reported from NRG followed the criterion of 50 % of the first stress cycle.
The strain rates were mostly 1x10° s, but some tests were done at 6x10* s™.

In Tab. 4-10 and Fig. 4-30 the LCF behaviour of EUROFER 97-NRG after irradiation is com-
pared to that of unirradiated specimens. The EUROFER 97-NRG material reaches in the
unirradiated state for all total strain ranges higher numbers of cycles to failure, compared to
EUROFER 97 (980°C). The increase of numbers of cycles to failure in the lower total strain
ranges, Agt < 1 %, is for the 31 dpa irradiated material not so remarkable. But compared to
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the results of NRG’s 2 dpa data the tendency of the behaviour is similar. At higher total strain
ranges, A&t > 1 %, lower number of cycles to failure could be achieved for both irradiation
conditions.

EUROFER 97-NRG 980°C, 31 min/air + 760°C, 90 min/air
Strain rate: 3x10 -3 [1/s].
EUROFER 97-NRG, 14 mm plate, unirr.

Specimen Temp,°C delta epsilon,% Nt unirrs -
no info 300 0,6 4794
no info 300 0,6 5819
no info 300 1,0 2265
no info 300 1,0 1525
no info 300 1,4 804
no info 300 1,4 1047
no info 300 0,6 6066
no info 300 1,0 1706
no info 300 1,4 1080
EUROFER 97-NRG, 14 mm plate, irr., 2 dpa, Tirr = Ttest = 300°C
Specimen Temp,°C delta epsilon,% Nt unirrs -
no info 300 0,6 16449
no info 300 0,6 9808
no info 300 1,0 1269
no info 300 1,0 1717
no info 300 1,4 482
no info 300 1,4 706
BS-EUROFER, 1050°C, irr., 31 dpa, 331°C,

Specimen, Test Temp,°C delta epsilon,% Ntirr, -
A904 ,1_646 330 0,81 2912
A903,1 640 330 0,90 3024
A901,1 625 330 1,00 1555
A902 ,1 632 330 1,21 729

Tab. 4-10 LCF data of unirradiated and irradiated EUROFER 97-NRG.

EUROFER-EB as received, post weld heat treatment 730°C 2h/AC
Strain rate: 3x10 -3 [1/s].
EUROFER-EB, as received + PWHT, irr, 31 dpa, 331°C

Specimen, Test Temp,°C delta epsilon,% N irr, -
C090, 1_658 330 0,81 1162
C089, 1_664-1_665 330 0,91 869
C088,1_672 330 1,01 512
C087, 1_654 330 1,20 24

Tab. 4-11  LCF data of irradiated EUROFER 97-EB, PWHT.
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Fig. 4-30 Effect of irradiation on the LCF behaviour of BS-EUROFER and comparison to
EUROFER 97, as received, unirradiated as well as to EUROFER 97-NRG
results after 2 dpa.
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Fig. 4-31  Effect of irradiation on the LCF behaviour of EUROFER 97-EB and comparison

to EUROFER 97, as received, unirradiated.
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In Tab. 4-11 and Fig. 4-31 the LCF behaviour of EUROFER 97-EB specimens of NRG after
irradiation is compared to that of unirradiated EUROFER 97 (980°C) specimens, because no
reference data of EUROFER 97-EB had been available. The EUROFER 97-EB material
reaches in the 31 dpa irradiated state for all total strain ranges lower numbers of cycles to
failure, compared to unirradiated EUROFER 97 (980°C) and to 31 dpa irradiated BS-
EUROFER (see Fig. 4-30). At higher total strain ranges, Agyt > 1 %, much lower number of
cycles to failure could be achieved. But in no cases an unusual fracture due to the welding
procedure was detected.

5 Conclusions

During the ARBOR 1 irradiation in the fast sodium cooled reactor BOR 60 of RIAR RAF/M
steels, as EUROFER 97 (980°C), EUROFER 97 (1040°C), F82H mod., OPTIFER IVc, Boron
doped EUROFER 97 with ADS 2, ADS 3 and ADS 4, EURODShip with 0.5%Y,03, as well as
NRG’s BS-EUROFER and EUROFER-EB, had been irradiated up to 30 dpa at an irradiation
temperature of 330 °C. The postirradiation examination of mechanical properties by impact,
tensile and LCF testing had been performed in the hot laboratory of RIAR under the ISTC
Partner contract #2781p.

All examined materials have shown in post irradiation instrumented impact tests a significant
increase in the Ductile to Brittle Transition Temperature as an effect of irradiation.

During tensile testing strength values are increasing and strain values reduced due to sub-
stantial irradiation hardening. The hardening rate is decreasing with increasing damage level.
Tensile hardening does not reach saturation up to 30 dpa irradiation damage at an irradiation
temperature of 330 °C. A model describing radiation hardening is working well for tensile
properties.

The low cycle fatigue behaviour of most examined RAF/M - steels show at total strain ampli-
tudes below 1 % an increase of number of cycles to failure, due to irradiation hardening.

50 % of the specimens irradiated in the ARBOR 1 irradiation had been implemented in the
ARBOR 2 irradiation rig to reach an irradiation damage of 70 dpa.
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Annex A Fehler! Kein Text mit angegebener Formatvorlage im Dokument.

8 Annex A: Impact Tests

In the Annexes A to C are found the measured original data of all performed impact, tensile
and LCF tests together with macro photos of the tested specimens and in some cases also a
selection of REM pictures. All data are stored and available at the author or his successor.

8.1 EUROFER 97, as received
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9 Annex B: Tensile Tests

Fig. 9-1 Gripping of tensile specimen with extensometer position

9.1 EUROFER 97 as received
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10 Annex C: LCF Tests

Fig. 10-1  Gripping of LCF specimen with knife ends of the strain measurement system
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10.1 EUROFER 97, as received

_____________________________________________________________

E101
ARBORI, 28,4 dpa
EUROF - 1, 330°C
Ag,= 1.2%

Force, N

---------------------------------------------------------------

Strain range, (AL;) mm

Fig. 10-2  Load vs. total strain range-diagram for the E1 01 specimen

Number of Cycles

1200
1000 J-oomeemen oo (E1 01) ARBORI 28,4 dPa0 [ieooeeoeoemoenemeebe
i E B _ 0
N,=14 | EUROF - 1, Tyep = 330°C

~ , , Ag,=12%
B 800 - e
E : :
g
E : 5 5 1
v B00 4-------mee e e e e e e e e oo B e e e e e e e e e e e e e e e ke e
8
=
h'a i i i :
g A00 -mmmee e e EnCRETEI L EEEEE T R T EET P e LT ee

200 oo PSS AP P S

0 t t t
] 100 200 300 400 500 B00

Fig. 10-3  Maximum cyclic stress vs. number of cycles-diagram for the E1 01 specimen
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ool ARBORI, 28,4 dpa |-+ i--2000-— -+ e e
H H s 7 e :

1599 = == 72 --------------

EUROF - 1, 330°C

Ag, = 1.0%

z
o R g« b NP g =
2 s
Q t t
18 ! H 1
6.95  6.96 703 704 7.05
Strain range, (AL) mm
Fig. 10-4  Load vs. total strain range-diagram for the E1 02 specimen
1200
000 == mmmmmmmmmf e m e o e e
: . | (E1 02) ARBOR1 28,4 dpa : : .
& e b EUROF - 1, Tyen=330°C | SR S S
i ' ' : Az, =1,0% ; ; '
2 ; i i
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I T e R S ;
g ;
= b N=
i s ;
g AN o mm e mmm e m e oo e \ ---------------------------
1 V-
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Number of Cycles
Fig. 10-5 Maximum cyclic stress vs. number of cycles-diagram for the E1 02 specimen
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-------------- ARBORI, 28,4 dpa |- : i z
EUROF - 1, 330°C | |

Force, N

&
Ty
=]

---------------------------------------------------------------------------------------------------------------

La ¥
F e

Strain range, (ALy) mm

Fig. 10-6  Load vs. total strain range-diagram for the E1 04 specimen

1000

S S — S S— S S—
(E1 04) ARBORI1 28,4 dpa
EUROF - 1, Ty = 330°C

_____________________________________________

Max. Pos. Stress, MPa

100

0 500 1000 1500 2000 2500 3000

Number of Cycles

Fig. 10-7  Maximum cyclic stress vs. number of cycles-diagram for the E1 04 specimen
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-------------- ARBORI, 28,4 dpa
EUROF - 1, 330°C

=
)
E ————————————————————————————————————————————————————
=}
(18
6.97
Strain range, (ALy) mm
Fig. 10-8  Load vs. total strain range-diagram for the E1 03 specimen
1200
ool b (F103) ARBOR1284dpa| @+ &+ &
EUROF - 1, Ty = 330°C
Ag = 0,8%
=
= e S
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W B R e T
g . N=13000
- S S S o R R A e |
=S e
QDD B R e R e R e R R B L L R
0 2000 4000 G000 8000 10000 12000 14000 16000 18000 20000
Number of Cycles
Fig. 10-9  Maximum cyclic stress vs. number of cycles-diagram for the E1 03 specimen
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E118
""""""""" ARBORI1, 30,2 dpa |~ 20007

EUROF - 1, 330°C

=
@
E ————————————————————————————————————————————————————————————————
=}
(18
6. .p3
Strain range, (ALy) mm
Fig. 10-10 Load vs. total strain range-diagram for the E1 18 specimen
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Fig. 10-11 Maximum cyclic stress vs. number of cycles-diagram for the E1 18 specimen
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10.2 EUROFER 97, heat treated

EUROF -2, 330°C

__________________________

Force, N

---------------------------

3660

T P T e S
E203 s s s Ly -

----- ARBORL, 28,4 dpa |-t 2008 oot i s

__________________________________________

7.03 7.04 7.

-----------------------------------------------------------------------

157

Strain range, (Agy) mm

Fig. 10-12

Load vs. total strain range-diagram for the E2 03 specimen

1000
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_________________________________________________

800 oo —— et A -
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R S e e s e
s e e ey et ——
% NSNS SN SN W S— — S AR - —
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Number of Cycles

Fig. 10-13

Maximum cyclic stress vs. number of cycles-diagram for the E2 03 specimen
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_______________________________________________________________________________________________________________________

-------- ARBORI, 28,4 dpa | i - : Z =
EUROF -2, 330°C | | ’ '

_____________J:______________.______________L_____________J_____1.0 _____________________

z | I S e M
5 13 : / :
2 3
=} i
|19 |

6.95 6.96

Strain range, (Agy) mm
Fig. 10-14 Load vs. total strain range-diagram for the E2 01 specimen
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EUROF - 2, Tyn=330°C [ .
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Number of Cycles
Fig. 10-15 Maximum cyclic stress vs. number of cycles-diagram for the E2 01 specimen
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T e e T~ S S
ARBORI1, 28,4 dpa | | ' : '
EUROF -2, 330°C

--------------------------------------------------------------

Z 2
P R B s 2. i o
2
=}
(18
6. 7.p5
Strain range, (Agg) mm
Fig. 10-16 Load vs. total strain range-diagram for the E2 04 specimen
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Fig. 10-17 Maximum cyclic stress vs. number of cycles-diagram for the E2 04 specimen
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___________________________

------------ ARBORI, 28,4 dpa i - :
EUROF -2, 330°C ' ' '
Ag, = 0.8%

SRt P P 1000 e T o B e

=z | L L L | RS S L
5 i : k :
2 ‘ :
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|19 i f
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Strain range, (Agy) mm
Fig. 10-18 Load vs. total strain range-diagram for the E2 02 specimen
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300 4
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200
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0 1000 2000 3000 4000 5000 G000 7000 8000 9000
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Fig. 10-19 Maximum cyclic stress vs. number of cycles-diagram for the E2 02 specimen
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10.3 F82H mod.

3600
---------------------------- .1 11 R RISt SR
Fo s s e
------------ ARBORI, 28,4 dpa |- 2000 oo
____________ F82Hmod., 330°C | | .00

=
e e e S i L R .
2
=}
(18
6. p5
Strain range, (Agg) mm
Fig. 10-20 Load vs. total strain range-diagram for the F 01 specimen
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700 1

600 4

500 4

400 A
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100 1
0 100 200 300 400 500 &00 700 8OO 900 1000
Number of Cycles
Fig. 10-21 Maximum cyclic stress vs. number of cycles-diagram for the F 01 specimen
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Fig. 10-24 Load vs. total strain range-diagram for the F 02 specimen
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Fig. 10-25 Maximum cyclic stress vs. number of cycles-diagram for the F 02 specimen
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Fig. 10-26 Load vs. total strain range-diagram for the F 03 specimen
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Fig. 10-27 Maximum cyclic stress vs. number of cycles-diagram for the F 03 specimen
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Fig. 10-28 Load vs. total strain range-diagram for the F 05 specimen
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Fig. 10-29 Maximum cyclic stress vs. number of cycles-diagram for the F 05 specimen
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10.4 ODS-EUROFER, 0.5 % Y203
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Fig. 10-30 Load vs. total strain range-diagram for the EO 01 specimen
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Fig. 10-31 Maximum cyclic stress vs. number of cycles-diagram for the EO 01 specimen
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Fig. 10-34 Load vs. total strain range-diagram for the EO 03 specimen
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Fig. 10-35 Maximum cyclic stress vs. number of cycles-diagram for the EO 03 specimen
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Fig. 10-36 Load vs. total strain range-diagram for the EO 08 specimen
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Fig. 10-37 Maximum cyclic stress vs. number of cycles-diagram for the EO 08 specimen
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Fig. 10-38 Load vs. total strain range-diagram for the EO 06 specimen
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Fig. 10-39 Maximum cyclic stress vs. number of cycles-diagram for the EO 06 specimen
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10.5 EUROFER 97, EB welded and PWHT
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Fig. 10-40

Load vs. total strain range-diagram for the C 087 specimen
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Fig. 10-41

Maximum cyclic stress vs. number of cycles-diagram for the C 087 specimen
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Fig. 10-42 Load vs. total strain range-diagram for the C 088 specimen
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Fig. 10-43 Maximum cyclic stress vs. number of cycles-diagram for the C 088 specimen
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Fig. 10-44 Load vs. total strain range-diagram for the C 089 specimen
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Fig. 10-45 Maximum cyclic stress vs. number of cycles-diagram for the C 089 specimen
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Fig. 10-46 Load vs. total strain range-diagram for the C 090 specimen
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Fig. 10-47 Maximum cyclic stress vs. number of cycles-diagram for the C 090 specimen
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Fig. 10-48 Load vs. total strain range-diagram for the A 902 specimen
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Fig. 10-49 Maximum cyclic stress vs. number of cycles-diagram for the A 902 specimen
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Fig. 10-50 Load vs. total strain range-diagram for the A 901 specimen
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Fig. 10-51 Maximum cyclic stress vs. number of cycles-diagram for the A 901 specimen
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Fig. 10-52 Load vs. total strain range-diagram for the A 903 specimen
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Fig. 10-53 Maximum cyclic stress vs. number of cycles-diagram for the A 903 specimen
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Fig. 10-54 Load vs. total strain range-diagram for the A 904 specimen
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Fig. 10-55 Maximum cyclic stress vs. number of cycles-diagram for the A 904 specimen
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