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1 Introduction

This deliverable D4.13 is related to the task 4.1 “Role of the microstructure on the mechanical behavior of
ODS alloys for LFR and SFR cladding“ of the project MatISSE. The objectives of task 4.1 according to the
description of work are to characterize the ODS steels microstructure and its evolution after thermal
treatments or ion irradiation and to have a better understanding on the deformation behaviour and anisotropy
of ODS alloys. The results on the temperature-dependent deformation mechanisms were already
exhaustively reported in deliverable D4.12. Moreover, the detailed work plan and testing matrices relevant
for the present deliverable were provided in deliverable D4.11 released in the beginning of the project.

Before major issues related to the application of ODS steels and new insight gained within task 4.1 will be
addressed below, it is useful to recall a number of basic features of the Fe-Cr system and ODS steels.
Starting point is the binary Fe-Cr equilibrium phase diagram [1]. The y-loop, y being the fcc phase of Fe,
extends to a Cr content of 11.9 at%. That means that Cr steels containing 9% Cr are transformable steels
and their microstructure may be ferritic or martensitic depending on the cooling rate from austenitization
temperature. Instead, Cr steels containing 14% Cr are always ferritic. In the present context, the delivered
ODS Fe9Cr alloy was ferritic. The contributing laboratories performed own heat treatments based on
austenitization and sufficiently high cooling rates to obtain martensitic microstructures more representative of
cladding tubes. Another basic feature of the binary Fe-Cr system is the wide miscibility gap at and below
operation-relevant temperatures. An approximation of the latest low-temperature part of the phase diagram
is shown in Figure 1.1.
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Figure 1.1: Low-temperature part of the equilibrium Fe-Cr binary phase diagram [1].

While Cr is in solution after typical heat treatments in the production stage of ODS steels, irradiation or long-term
thermal treatments below 500 °C may give rise to hardening and embrittlement (475 °C embrittlement) due to the
formation and evolution of a’ phase particles. These issues had to be addressed in task 4.1 and results are reported
below.

Oxide-dispersion strengthening of Fe-Cr alloys and steels plays a triple role. Indeed, ODS nanoparticles:

e strengthen the material,
e contribute to a high density of sinks/traps for irradiation-induced point defects or He atoms,
e giverise to grain refinement (which also contributes to both the initial hardness and the sink strength).

A number of questions of cross-cutting scientific interest can be derived from the basic features of ODS Cr steels
introduced above. The issues/questions addressed in the present deliverable are summarized in Table 1.1. This table
also serves as a roadmap for reading the deliverable.
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Table 1.1: Summary of issues/questions addressed in the deliverable.

Issue / question Sections

Description of the microstructure of the as-received (ferritic) or quenched and 5,8.1
tempered ODS steels based on the application of complementary micro- and
nanostructural characterization methods

Microstructure-property relationships for the ODS alloys in terms of yield stress 8.2

Microstructure stability for ODS alloys exposed to different kinds of thermal treatments | 6, 8.3
including low-temperature short-term, medium-temperature long-term, and high-
temperature short-term

Effect of the initial microstructure in terms of sink strength on ion-irradiation-induced 7,8.4
hardening and identification of irradiation-induced nanofeatures

Microstructure evolution of ODS Fe9Cr exposed to high-temperature low-cycle fatigue | 10.1
(HT-LCF)
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2 Materials

As part of the European 7t framework program project MatISSE, two oxide dispersion strengthened (ODS)
alloys, namely a Fe-9%Cr-based transformable alloy and a Fe-14%Cr-based ferritic alloy, both in the product
form of extruded bar, were distributed among partners in order to undergo a comprehensive and coordinated
microstructural and mechanical examination. These ODS alloys were developed and produced under the
supervision of CEA, France. The materials are introduced in the following subsections.

2.1 ODS Fe9Cr steel

The pre-alloyed powder was produced by Aubert & Duval, France, by gas atomization. Mechanical alloying
of the pre-alloyed powder with Y203 particles was performed at Plansee, Austria, under hydrogen
atmosphere using a vertical attritor ball mill. The milled powder was then sealed in soft steel cans followed by
degassing and subsequently hot extruded into bars. The extrusion temperature for the ODS Fe9Cr bar was
1100°C.

The transformable ODS Fe9Cr steel extruded bar of diameter 20 mm (SRMA code L22-M1) was distributed
among the partners in the ferritic state. The distribution scheme is shown in Deliverable D4.11 of MaTISSE.
Heat treatments aimed to mimic the tempered martensitic (TM) microstructure of tube material were
performed in the responsibility of the partners. The details of the heat treatments performed at HZDR and
KIT are shown in Table 2.1. The composition of the studied ODS Fe9Cr steel extruded bar is shown in Table
2.2.

Table 2.1: Heat treatments performed on ODS Fe9Cr steel for specific techniques.

Heat treatment 1 2
Sample size Cylindrical Cylindrical
(d =20.5 mm; | =60 mm) (d=4.2mm; =30 mm)
Heat treatments:
Austenizing At 1050 °C for 30 min At 1050 °C for 10 min
Quenching In oil at cooling rate of >20 K/s With He gas, cooling rate of 6—7
in the core of the sample K/s
Tempering At 750 °C for 1 h, air cooling At 750 °C for 20 min, air cooling
Techniques SANS TEM/ EBSD/ Mechanical testing

Table 2.2: Composition (in mass %) of the investigated ODS steels.

Material Cr W Ti Si Mn Ni C Y203 Fe
ODS Fe9Cr 9.1 1.1 0.3 0.3 0.3 0.2 0.1 0.25 Balance
ODS Fel4Cr 13.5 0.9 0.4 0.32 0.27 0.17 - 0.22 Balance

2.2 ODS FelA4Cr steel

The ferritic ODS Fel4Cr extruded bar of diameter 36 mm (SRMA code J27-M2) was produced in the same
way as described above for the ODS Fe9Cr extruded bar. It was distributed among partners within the EU-
FP7 project GETMAT and remaining pieces were distributed again to partners within MatISSE. The
consolidation was carried out by hot extrusion at 1100°C at CEFIVAL France. The extruded bars were
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annealed at 1050 °C for 1.5h. The composition of the studied ODS Fel4Cr steel extruded bar is also shown
in Table 2.2.

2.3 Other investigated ODS materials

KIT additionally tested the ODS Fel3Cr alloys MAT-1 and MAT-2 (ODS Fel3Cr HIP/HE in-house produced
by hot isostatic pressing (HIP) and hot extrusion (HE), respectively, see Sections 3.1.3. and 6.2.
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3 Thermal ageing and ion irradiations

3.1 Thermal ageing treatments

Three sets of thermal ageing treatments aimed at different aspects of thermal stability of the micro-structure
were foreseen according to the work plan. These are:

e low-temperature (400 — 600 °C) short-term (approximately 1000 h) treatments in order to study
hardening caused by the thermal formation of Cr-rich a’-phase particles (CIEMAT),

e intermediate-temperature (650 — 800 °C) long-term (up to 20.000 h) treatments in order to
investigate the possibility of softening under conditions relevant for operation conditions due to
particle and/or grain coarsening (CIEMAT, EDF), and

e high-temperature (900 °C, 1100 °C) short-term (up to 2500 h) treatments in order to investigate
microstructure stability under conditions more relevant for ODS steel fabrication/optimization and to
provoke recrystallization (KIT).

3.1.1 Low-temperature short-term treatments

Low-temperature short-term treatments were performed for two ODS extruded bars:

e 9Cr ODS bar (SRMA code L22-M1) in the ferritic and martensitic state
e 14Cr ODS bar (SRMA code J27-M2)

Chemical composition and basic characterization is included in Section 2 of the present document and
MATISSE Deliverable 4.11.

Heat treatments were conducted according to the following specification:

e TT1: 475 °C/1000 h in order to investigate hardening/embrittiement caused by the formation of o’-
phase particles.

The treatments were performed in tubular furnaces in air.

The specimens were mechanised in the longitudinal (L) orientation (load is applied parallel to the extrusion
direction) and in the transverse (T) orientation (load is applied perpendicular to the extrusion direction), see
Figure 3.1.

Load Extrusion direction

T orientation . . e
- : L orientation &

. ;

O

9

Extrusion direction

Figure 3.1: Orientation of the small punch specimens.

The overall test matrix also including intermediate-temperature long-term heat treatments is shown in Table
3.1.
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Table 3.1: Overall test matrix including low-temperature short-term treatments and intermediate-temperature long-

term treatments.

L3_300, L4_300
L5_500, L6_500

T3_300, T4_300
T5_500, T6_500

Material Condition L Orientation T orientation
14 Cr ODS bar | As received L1 RT, L2 RT T1_RT,T2_RT,T7_RT
L3 300, L4 300, L7 300, | T8_RT
L8_300 T3 300, T4 300, T9 300
L5 500, L6_500 T10_300
T11 500, T12 500
475°C/1.000 h L1 RT, L2 RT T1_RT, T2_RT

700°C/10.000 h

L1 _RT,L7_RT
L3_300, L4_300
L5_500

T1_RT, T2_RT
T3_300, T4_300
T5_500, T6_500

800°C/10.000 h

L1 _RT, L2 RT
L3_300, L4_300
L5 500, L6 500

T1 RT, T2 RT
T3_300, T4_300
T5 500, T6_500

9 Cr ODS Bar

As received L1_RT, L2_RT T1_RT,T2_RT
L3_300, L4_300 T3_300, T4_300
L5_500, L6_500 T5_500, T6_500

Tempered L1_RT, L2_RT T1_RT,T2_RT
L3_300, L4_300 T3_300, T4_300
L5_500, L6_500 T5_500, T6_500

Tempered L1 RT,L2_RT T1 RT,T2_RT

475°C/1.000 h

L3_300, L4_300
L5 500, L6 500

T3_300, T4_300
T5_500, T6_500

Tempered
700°C/10.000 h

L1_RT, L2_RT
L3_300, L4_300
L5 500, L6 500

T1_RT, T2_RT
T3_300, T4_300
T5_500, T6_500

Tempered
700°C/10.000 h

L1_RT, L2_RT
L3_300, L4_300
L5_500, L6_500

T1_RT, T2_RT
T3_300, T4_300
T5_500, T6_500

3.1.2 Intermediate-temperature long-term treatments

Intermediate-temperature long-term heat treatments were conducted according to the following specification:

e TT2:700°C/10.000 h to asses thermal stability,
e TT3:800°C/10.000 h to asses thermal stability.

The treatments were performed in tubular furnaces in air. The specimens were mechanised in the
longitudinal (L) orientation (load is applied parallel to the extrusion direction) and in the transverse (T)

orientation (load is applied perpendicular to the extrusion direction), see Figure 3.1. The intermediate-
temperature long-term heat treatments are included in Table 3.1.
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3.1.3 High-temperature short-term treatments

The materials were cut into cubes and cylinders with a thickness of 10 mm, wrapped in stainless steel foll
and vacuum-sealed in quartz glass tubes. These tubes were annealed at 900 °C or 1100 °C for times of 500,
2500 and 5000 h (only 900°C) in a conventional annealing furnace. An overview of the materials aged is
given in Table 3.2. Figure 3.2 shows some of the samples before and after ageing at 1100 °C. We could only
see minimal changes in the surface layer of the materials. We concluded that the vacuum conditions were
good and prevented massive oxidation of the materials during the treatments. The materials after 900 °C
ageing looked similar. In addition to the materials provided by the project partners, two other ODS materials
produced in-house at KIT were also aged. The chemical composition and fabrication route of the selected
materials are given in Table 3.2.

Table 3.2: Material fabrication details for the thermal ageing study performed at KIT.

Material | Cr w Ti Y203 Fe | Compaction T™MT Lab
MAT-1 13.1 1.13 0.151 | 0.217 bal. | Hot-isostatic-pressing Rolling 1100°C | KIT
1100°C / 100 MPa

MAT-2 13.1 1.13 0.151 | 0.217 bal. | Hot extrusion 1100 °C - KIT

MAT-3 ODS Fel4Cr, see Erreur! Source du | Hot extrusion 1100 °C annealed CEA
renvoi introuvable. 1050°C/1.5h

MAT-4 ODS Fe9Cr, see Erreur! Source du | Hot extrusion 1100 °C as received CEA
renvoi introuvable.

KiT | CEA fare oo

MatiSSE MatiSSE
i e®: [ S @
y

Figure 3.2: Samples before (left) and after 2500 h ageing (right) at 1100 °C.

3.2 lon irradiations

The Fe-ion irradiations were performed at the 3 MV-Tandetron accelerator at the lon Beam Center (IBC) at
HZDR. A multi-step approach using different ion energies was applied to achieve an approximately
rectangular dpa profile with an average displacement damage of 10 dpa over a depth of about 1.5 um. The
irradiation experiment was designed using the Kinchin-Pease option of the SRIM-2008.4 binary collision
code assuming a displacement threshold of 40 eV. The irradiation parameters applied during the three steps
are summarized in Table 3.3 in terms of energy and ion fluence. The calculated cross-section dpa profile of
the three-step irradiation is shown in Figure 3.3. Figure 3.4 also shows the profile of the injected interstitial
atoms. Irradiation experiments were performed at 300 °C and 500 °C. To this end, the samples were fixed on
a heating target. The temperature was controlled by means of a thermocouple at the back of the samples. All
samples exposed to the same irradiation condition were irradiated in the same irradiation experiment in order
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to guarantee comparability. The ion beam was scanned over the whole surface to achieve a homogeneous
irradiation. It is important to note that the samples were prepared prior to the irradiation experiment up to a
surface quality required for nanoindentation and/or depth-resolved positron annihilation spectroscopy be
performed.

s | S | ! | ¥ |
——0.5-5 MeV, Fe, 10 dpa .

14.0

12.0 Total

10.0

8.0

| |

6.0 5 MeV .

=
N

Exposure (dpa)

4.0

2.0

L l L f
-~ /

0.0 — L
0.0 0.5 1.0 1.5 2.0

Depth, h (um)

Figure 3.3: dpa distribution of the three-step irradiation calculated by SRIM.
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Figure 3.4: Depth profiles of the ion dose in dpa and the injected interstitials for the three-step irradiation
calculated by SRIM.

Table 3.3: Parameters of the three-step irradiation.

Step lon Energy (MeV) lon fluence (1/cm?)
1 Fe* 0.5 3.7 x 1015
2 Fe* 2 6.1 x10%
3 Fe2* 5 1.15 x 10%6
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4 Microstructural and mechanical characterization techniques

4.1 Electron backscatter diffraction (EBSD)

The EBSD measurements were performed on a Zeiss Merlin field-emission-gun scanning electron
microscope equipped with a high-speed Hikari EBSD camera by EDAX. The EBSD data treatment was done
using OIM Analysis 7.2 software. Apart from discarding points with a confidence index (CI) of less than 0.1
and subsequent Cl neighbor correlation, no cleanups were performed. If grains are plotted into maps, a
misorientation angle between 15° and 65° was considered a grain boundary. A valid grain consists of at least
50 measured points. These parameters were also used for the grain size distribution histograms. Edge
grains not fully immersed in the maps were neglected for the statistics.

Different versions of EBSD were applied in the contributing labs for the purpose of specifying the type of
microstructure (ferritic versus martensitic), the degree of anisotropy/texture and grain size. The EBSD
patterns were acquired at KIT (Ankur) with a Zeiss EVO MA 10 scanning electron microscope (SEM) and at
Helmholtz-Zentrum Dresden-Rossendorf (HZDR), Germany, with a Zeiss NVision 40 cross beam SEM both
equipped with a Bruker e-Flash detector and analyzed with the QUANTAX ESPRIT software. Whereas, at
CIEMAT a Hitachi SU6600 field emission gun (FEG) SEM equipped with an Oxford Instruments HKL
NordlysF detector was used to obtain the EBSD patterns. The grain size distributions were measured with
grain boundaries defined by a misorientation angle higher or equal to 5°. The meaning of the data will be
specified in the results section.

4.2 Neutron diffraction texture measurement

Neutron diffraction provides a valuable technique allowing the non-destructive study of crystallo-graphic
texture in massive samples. General information on texture determination by neutron diffraction can be found
for instance in [2], [3]. The principle of the technique is the same as for X-rays, but the sampling volume can
be as large as 1 cm3. Once a set of 3 reference axes is defined (usually related to the thermo-mechanical
history of the sample), the texture is quantified by the Orientation Distribution Function (ODF), that is the
differential volume fraction of crystallites ex-hibiting a given orientation with respect to such axes. To obtain
the ODF, a given Bragg reflection has to be selected and its stereographic projection, or pole figure,
measured when the sample is rotated with respect to the 3 reference axes. Usually, at least two pole figures,
corresponding to two different Bragg reflections, are needed to obtain the ODF of the investigated sample,
following a mathematical procedure based on a series expansion method, as discussed in [4].

The neutron diffraction measurements were carried out in the responsibility of ENEA at the STRESS-SPEC
instrument [5], installed at the FRM Il reactor, in Garching, and operated by the Helmholtz-Zentrum
Geesthacht. The measurements were carried out at room temperature. A Ge (311) monochromator was
utilized, providing a neutron wavelength of 1.602 A. The investigated diffracting volume was approximately
0.63 cms.

4.3 Transmission electron microscopy (TEM)

Different versions of TEM were applied in the contributing labs in order to characterize the microstructure of
the as-received ferritic or tempered-martensitic microstructures. The TEM studies were performed at KIT
using a FEI TECNAI-20F microscope, at CIEMAT and at CEA both using a JEOL JEM-2010 microscope; all
operating at 200 keV.

Special TEM techniques were applied in order to identify and characterize irradiation-induced nanofeatures
such as dislocation loops and other microstructural changes (including stability of oxide nanoparticles)
induced by either thermal treatments or ion irradiations or cyclic loading.

4.4  Small-angle neutron scattering (SANS)

SANS experiments in the responsibility of HZDR were performed at the Instrument V4 at Helmholtz-Zentrum
Berlin (HZB) [6] using a neutron wavelength of 0.605 nm. The samples of dimensions 9x9x 1 or10x 10x 1
(mm) were placed in a saturation magnetic field of 1.57 Tesla in order to separate magnetic and nuclear
scattering. Two sample-detector distances of 1.7 m and 8 m were used. The software package BerSANS [7]
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was used for corrections, absolute calibration, data reduction and separation of magnetic and nuclear
scattering contributions. The transformation from scattering curves into particle-size distributions was
performed using a Monte Carlo (MC) code [8] developed in house at HZDR.

4.5 Atom probe tomography (APT)

APT analysis was performed at GPM, Université de Rouen, using a Cameca LEAP 4000X HR. Samples for
APT were prepared in 2 steps, using standard electro polishing methods (1%t step in 90% acetic acid plus
10% perchloric acid, 2" step in 2% perchloric acid and 98% ethylenglycol). Experiments were conducted
with electric pulses (pulse fraction equal to 20%, pulse repetition rate equal to 200 kHz) and a specimen
temperature between 40 and 50K. 3D reconstruction was done with the IVAS 3.6.10 software. The
reconstruction parameters were adjusted to get the good interplanar distances. The detailed analyses of the
reconstructed volumes were performed with the GPM3D software v.6.1. Y and Ti oxides were identified
using the isoposition method (IPM) developed by Da Costa [9]. This method is based on concentration
criteria. The ions used to set the concentration threshold were Y3*, YO?*, TiO?*, CrO?* and O*. As it was
shown in [10], the APT analysis of nano-particles in ODS steels is subjected to strong bias. To correct this
bias, Fe and Cr were removed from particle compositions and the size reported is the longest axis of the
particles and not the Guinier radius.

4.6 Nanoindentation testing

A Universal Nanomechanical Tester UNAT (ASMEC/Zwick) equipped with a Berkovich indenter was utilized
to measure the hardness of the ion irradiated samples and the unirradiated references. Calibrations of the
indenter geometry and the instrument stiffness were based on measurements on two reference materials
(fused silica, sapphire) with known elastic modulus. Quasi continuous stiffness measurement (QCSM) was
applied with the load superimposed with a sinusoidal oscillation for 3 s at discrete loads while the average
load is kept constant. This way, the contact stiffness can be calculated at discrete points along the loading
curve using the force and displacement amplitude and taking into account the mass and the damping of the
measuring head. With this information, the full loading curve can be exploited to calculate the indentation
hardness (HIT) as a function of contact depth (hc). The tests were performed with a maximum load of 50 mN
with corresponding contact depth of about 650 to 750 nm. More than 30 indents per sample were performed.
Zero point and thermal drift correction were applied to each individual curve. Thereafter, an average curve
was calculated and analyzed using the Oliver-Pharr method. The hardness value at a reference depth of 200
nm was chosen as the hardness representative of the irradiated layer and to calculate the irradiation-induced
hardness change. This takes into account that the deformed zone in alloy is usually 5-10 times deeper than
the contact depth, i.e. at 200 nm contact depth, the full plastically deformed zone is within the irradiated
layer.

4.7 Small-punch test (SPT)

Small punch tests consist on deform a small disc under contact displacement rate, while load, punch
displacement and disc deflection is measured. The specimen holder with the dimensions used by CIEMAT
are seen in Figure 4.1. Small punch tests has been performed by testing 3 mm diameter discs with 0.25 mm
thickness, at a displacement rate of v=0.3 mm/min at room temperature, 300 °C and 500 °C. During the tests
the punch displacement, disc deflection and load were measured.
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Figure 4.1: Cross—sectional scheme of the testing apparatus according to standard CWA 15627:2006 (E)
Part B: A Code of Practice for Small Punch Testing for Tensile and Fracture Behaviour.

The test result is a load.vs.deflection (displacement) curve as the one shows in Figure 4.2 a). The main
parameters of the curve are:

e Fm[N] — maximum load recorded during SP test,

e Fe [N] - load characterizing the transition from linearity to the stage associated with the spread of the
yield zone through the specimen thickness (plastic bending stage)

e dm [mm] - displacement corresponding to maximum load Fm,

e ESP [J] — SP fracture energy obtained from the area under the load punch displacement curve up to
maximum load.
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Figure 4.2: a) Load-deflection curve with characteristic parameters and b) calculation of Fe according to
standard CWA 15627:2006 (E) Part B: A Code of Practice for Small Punch Testing for Tensile and Fracture
Behaviour.
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Calculation of Fe is performed following the recommendations of CWA 15627: a bilinear function f(u) from the
origin through the points A and B is defined as:

( f—Au for 0<u<uy,
fay=1,

u(u—uA)+fA for uy <u<ug

uB_uA

err = J-uB[F(u) — fW]?du
0

by varying fa, ua and fs the error is minimized and leads to final values for the varied variables and therefore
to a best fit of the function f(u) to the measured load punch displacement curve F(u). Then, the yield
displacement ue = ua and the load Fe can be obtained from the experimental load punch displacement curve
as Fe = F(ua) . The parameter us is chosen as 0.250, equal to the disc thickness.

4.8 Tensile test

Tensile tests on ODS Fe9Cr steel were performed using an Instron 4505 universal testing machine equipped
with an extensometer. Regarding ODS Fel4Cr steel, the tests were performed on a servo hydraulic MTS
testing machine. Owing to the material quantity limitations, small tensile test specimens were used. With
respect to ODS Fe9Cr steel, specimens with a gauge length of 13 mm and a gauge diameter of 2 mm were
used. In the case of ODS Fel4Cr steel, specimens with a dog-bone geometry and a gauge section of
15 x 3 x 2 mm3 were used. All specimens were machined parallel to the extrusion direction. For ODS Fe9Cr
steel, tests were carried out under force control with a nominal strain rate of 10-3 s-1 and for ODS Fel14Cr
steel, tests were performed under stroke control at a displacement rate equal to 0.1 mm/min (corresponding
to a strain rate of 104 s1).
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5 Results on as-received and quenched & tempered materials

The results presented in this section have partly been published by the contributing project partners in Ref.
[11].

5.1 TEM investigations

TEM bright field micrographs of ODS Fe9Cr extruded bar in both as-received as well as heat-treated
conditions are shown in Figure 5.1. In as-received state (Figure 5.1a), the steel exhibits equiaxed grains with
a dislocation density (0.46 + 0.1) x 10 m=2. The dark contrast Cr carbides are present both at grain
boundaries and within the grains.

Upon heat treatment (Figure 5.1b), the steel manifests tempered martensitic structure with laths and
subgrains having high dislocation density (3.4 + 1.0 x 10 m2). The typical laths were several um in length
and (0.25 = 0.01) um in width. Additionally, irregular shaped Cr-W enriched carbides and Ti-enriched
particles are distributed at various boundaries. For more details see Ref. [12].

In both states, complex Y-Ti—-O nanoparticles are inhomogeneously distributed within the matrix.
Nevertheless, regions with homogeneous particle distribution were also observed, for example see Figure
5.2a. The density of the nanoparticles has been estimated using such micrographs, where the nano-oxides
density was homogeneous. From these TEM investigations, it can be concluded that the heat treatment did
not change the size and distribution of the nanoparticles. High resolution TEM (HRTEM) investigations
reveal face centered cubic Y2Ti2O7 crystal structure for the examined particles. One such particle lattice
(encircled) along with its corresponding fast Fourier transform power spectrum diffraction pattern from heat-
treated ODS Fe9Cr steel is shown in Figure 5.2b.

Figure 5.1: TEM bright field micrographs revealing ODS Fe9Cr steel in (a) as-received state (ferritic) having
dark contrast Cr carbides with low dislocation density (the collage was formed using 16 separate
micrographs) and (b) heat-treated state (quenched and tempered) having tempered martensitic structure
with high dislocation density.

Page 17/80



MatISSE — Deliverable D4.13 — Revision 0O Issued on 18/12/2017

Figure 5.2: (a) TEM bright filed micrograph from as-received ODS Fe9Cr steel revealing region with homogenous
particle distribution. (b) High resolution TEM micrograph from heat-treated ODS Fe9Cr steel shows an Y2Ti>O7 particle
lattice (encircled) with [001] zone axis having face centered cubic crystal structure and its corresponding fast Fourier
transformation (FFT) power spectrum diffraction pattern in inset.

TEM bright field micrographs from as-received ODS Fel4Cr extruded bar are shown in Figure 5.3. In
longitudinal direction (Figure 5.3a), the grain structure appears to be composed of large elongated grains,
together with regions of small equiaxed grains. In transverse direction (Figure 5.3b), the grains are smaller
and they do not exhibit elongated shape. Regarding dislocation structure, regions with different dislocation
density are present. The average dislocation density is estimated to be about 5 x-10* m2. The observed
strengthening nanoparticles are inhomogeneously distributed and they can be found forming lines,
sometimes parallel to grain boundaries, as well as channels free of particles. The size distribution of particles
can be classified in two ranges, smaller than 20 nm and larger than 20 nm, with regions where one or the
other predominates (Figure 5.4). The nanoparticles also show different morphologies, square or round,
different composition and stoichiometry, implying different crystallography and interfacial structure. Careful
examination of these particles, as reported separately (see Ref. [13]), reveals some of them enriched with
Cr, Ti, Y, and W which decorate grain boundaries. Nevertheless, majority is of the Y-Ti-O nanoparticles
which are observed within the grains along with the Al-rich and Ti-rich particles. For more details on TEM
studies, we refer to Refs. [13,14].

500 nm

Figure 5.3: TEM bright field micrographs from as-received ODS Fel14Cr steel (ferritic). (a) Longitudinal direction
revealing elongated as well as equiaxed grains. (b) Transverse direction revealing small equiaxed grains. In both
directions, regions with different dislocation density are apparent.
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Figure 5.4: TEM micrographs revealing nanoparticles distribution in ODS Fel4Cr steel. (a) Dark field shows particles
smaller than 20 nm and (b) bright field unveils particles larger than 20 nm [13].

5.2 EBSD investigations

Typical inverse pole figure (IPF) maps obtained by EBSD for the as-received as well as heat-treated ODS
Fe9Cr steel are shown in Figure 5.5. The dissimilar colors of the grains in the IPF maps reveal the large
difference in the orientation of the neighbor grains. Moreover, no texture was identified in the stereographic
projections (not shown here). In both states, high- and low-angle grain boundaries are present. The
misorientation analysis revealed that the fractions of high-angle grain boundaries (HAGB, >15°) and low-
angle grain boundaries (LAGB, 2-15°) in as-received state are 97% and 3%, respectively; whereas, in heat-
treated state are 78% and 22%, respectively. The average grain sizes measured via EBSD for as-received
and heat-treated states are (1.19 + 0.03) um and (0.46 + 0.02) um, respectively.
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Figure 5.5: Inverse pole figure maps obtained via EBSD for (a) as-received (step size: 72 nm) and (b) heat-treated

(step size: 68 nm) ODS Fe9Cr steel (color keys for the crystallographic orientation are also shown); high-angle grain

boundaries (HAGB, >15°) are marked by black lines while low-angle grain boundaries (LAGB, 2—-15°) are marked by
white lines.

EBSD studies on as-received ODS Fel4Cr steel have been reported several times, see Refs. [13-15].
Briefly, the steel in longitudinal direction manifests bimodal grain size distribution, in which the smallest
grains have distribution ranging from 0.1 to 3.0 um, representing a volume fraction of 80%, whereas the
largest and more elongated grains have sizes between 3.0 and 9.0 um with a volume fraction of 20%. On the
contrary, in the transverse plane, a more uniform distribution of grain size is observed, with a mean grain
size of (0.46 + 0.04) um. With respect to the texture, a preferential crystallographic orientation of the grains
along <110> parallel to the extrusion direction is observed (for example see Fig. 6). The misorientation
analysis revealed that the fractions of HAGB and LAGB are 89% and 11%, respectively. The mean grain
sizes obtained by EBSD are summarized in Section 5.7.
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Figure 5.6: Inverse pole figure map obtained via EBSD for as-received ODS Fel4Cr steel (step size: 48 nm) in
transverse direction (color key for the crystallographic orientation is also shown).

5.3 SANS investigations

The measured magnetic scattering curves for ODS Fe9Cr extruded bar in the as-received and heat-treated
conditions are plotted in Figure 5.7a. The scattering curves for both conditions were found to agree in the Q-
range from 0.3 to 3 nm-1, which governs the size distribution of ODS particles. It can be concluded that the
austenitization and subsequent quenching did not change the size distribution of scatterers. The MC fit of the
difference between cross sections measured for the as-received condition and the background consisting of
an adjusted part proportional to Q-4 and a constant incoherent scattering part derived from the Porod plot is
shown in Figure 5.7b.

- . . : 10 rrvry V—— —
1000 | °3 (a) 4
s | 1%
§ oL 16 b :
g g g :
qE - R
2 10 3 ‘S”
1 E Ly
© ©
.5 .g 0.1 E
g 'F 1% :
i »
g :
o o
= 0.1F =
S { §oo1} E
3 . | 8 :
doorfp ° Y 43 I
> L10 : L o L10
background 2 L —— MC-Fit
0.001 Loweun PR A e | — 0.001 Luwwu PR ) S 1Y VY | ——
0.1 0.3 1 3 0.1 0.3 1 3
Scattering vector, Q /nm’ Scattering vector, Q /nm’

Figure 5.7: (a) Scattering curves measured for the as-received condition (L10) and the heat-treated condition (L9) of
ODS Fe9Cr and background consisting of an adjusted part proportional to Q* and constant incoherent scattering
derived from the Porod plot, (b) measured difference scattering curve for the as-received condition (L10) and MC fit.
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The size distribution of oxide nanoparticles corresponding to the MC fit of the difference scattering curve for
the as-received condition of ODS Fe9Cr extruded bar is shown in Figure 5.8a. Scaling in absolute units was
achieved by assuming non-magnetic scatterers dispersed in the ferromagnetic matrix. The size distribution
for the ODS Fel4Cr extruded bar (sample L12) plotted in Figure 5.8b was obtained according to the same
procedure. The error ranges resulting from the MC fit are indicated as colored bands. It is interesting to note
that the number density of nanoparticles in a yttria-free 14Cr reference (sample L11) is almost as high as the
number density of nanoparticles in the ODS sample. This may be attributed to the formation of Cr- enriched
oxide particles in the yttria-free sample due to the powder metallurgy fabrication steps under uncontrolled (or
not perfectly controlled) oxygen partial pressures. The average A-ratios, A =1 + M/N, where M and N are the
magnetic and nuclear scattering contributions, respectively, are (2.5 +0.2) for ODS Fe9Cr, (2.3 +0.1) for
yttria-free Fel4Cr and (3.25+ 0.2) for ODS Fel4Cr. This indicates differences or similarities in the
nanoparticle composition. For ODS Fe9Cr, the A-ratio is consistent with Y2Ti2O7- and Y2TiOs-type particles
[16]. For Fel4Cr, the A-ratio does not give a straightforward indication on the type of nanoparticles.
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Figure 5.8: Size distribution in terms of particle number density per radius increment for (a) the as-received condition
of ODS Fe9Cr (L10) and (b) the as-received condition of ODS Fe14Cr (L12) and the yttria-free 14Cr reference (L11).

5.4 APT investigations

Both ODS Fe9Cr and Fel4Cr extruded bars were characterized by APT. In each case, the global chemical
composition and the characteristics of the nano-oxides were measured.

5.4.1 ODS Fe9Cr (as-received) extruded bar

The average chemical composition of the ODS Fe9Cr measured by APT is reported in Table 5.1 (including
all features intercepted during APT analysis). The average composition is calculated from 3 APT dataset.
Minimum and maximum concentrations of solutes from the different data set are also reported to give an
estimation of the dispersion of the results. It appears that the distribution of elements from one volume to
another is relatively homogeneous. A high concentration of C is measured in one of the volumes because a
carbide enriched in Cr, W and Mn is partly intercepted. In comparison with the nominal (bulk) composition,
the concentrations of Si, Mn, Ni, Cr and W are in good agreement with the expected ones. The levels of C,
Ti, Y and O are very low compared to nominal ones, suggesting the presence of carbides and oxides with
low number density (so not intercepted by APT analysis). Unexpectedly, low concentrations of Mo (~0.2
at.%) and traces of P, N, Al, V and Co (below 0.01%) are measured.
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Table 5.1: APT (minimum, maximum and average values) and bulk (chemical analysis) compositions of ODS Fe-9%Cr
(at%, balance Fe). In addition to elements reported in the table, traces (< 0.01%) of N, Co, P, Al and V were also
detected.

C Si Mn Ni O] Cr Y Ti w Mo

APT minimum 0.011 058 025 022 0039 791 0.004 0.023 0.23
APT maximum 046 059 028 023 0.067 990 0.010 0.032 031

APT average 0.042 058 027 023 0058 9.67 001 0.026 0.30 0.023

Bulk 046 059 030 019 018 974 0.12 035 0.33 -

Two examples of volumes analyzed by APT are shown on Figure 5.9. Small Y and Ti oxides are detected in
all volumes. Their spatial distribution is heterogeneous. Indeed, the local number density varies from less
than 0.2 x 1022 m-3 in particles free zones to about 6 x 1022 m-3. On average the number density is (2.7 £ 0.5)
x 1022 m3. Such distribution could be explained by the interaction of migrating grain boundary (GB) and Y
and Ti oxides during ODS elaboration [17]. Most of the observed particles are located in matrix and only two
are located at GB. There average sizes are 5.1 and 5.6 nm respectively. In average, the particle size is
about (5.1 + 0.8) nm since a large majority is located in the matrix.

68 x 67 x 189 nm?

59 x 58x 402 nm?

Figure 5.9: Two examples of 3D reconstructions of the ODS Fe9Cr extruded bar. Y is in red, TiO molecular ions are in
purple and O is in blue.

As far as the chemical composition of oxides is concerned, a high level of Fe and Cr is detected inside the
particle. However, the presence of these elements in particles is attributed to field evaporation artefacts. The
chemical composition of the oxides located in the matrix (considering only Y, Ti and O) is (22.4 £ 0.9)%Y-
(22.3 £ 0.9)%Ti-(55.3 + 0.9)%0.

5.4.2 ODS Fel4Cr extruded bar

The average chemical composition of the ODS Fel4Cr calculated from 4 APT dataset is reported in Table
5.2. Minimum and maximum concentrations of each solute (depending of the dataset) are also reported. In
comparison with the expected bulk composition, several impurities are detected (C, N, Co, P, Al, V), the level
of Ni is too high and there is a lack of Y, Ti and O, suggesting the presence of a low number density of large
oxides not intercepted by APT volumes. It also has to be noticed that the distribution of several solutes within
the material is heterogeneous at a larger scale than typical APT volumes.
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Table 5.2: APT (minimum, maximum and average values) and bulk (chemical analysis) compositions of ODS Fe-14%Cr
(at%, balance is Fe). In addition to elements reported in the table, traces (~0.01%) of N, Co, P, Al and V were also
detected.

C Si Mn Ni 0] Cr Y Ti W

APT minimum 0.002 057 031 021 0.043 127 0.004 0.016 0.14
APT maximum 0.082 095 033 025 0.40 155 0.071 015 0.29
APT average 0.026 067 032 024 013 1335 0.017 005 0.20

Bulk - 063 029 016 022 1490 0.15 045 033

In the case of Y, Ti and O these strong fluctuations can be explained by an heterogeneous distribution of
nano-oxides in the material. Two examples of the observed microstructures are shown on the Figure 5.10.
As it can be seen, nm-sized particles rich in Ti, Y and O are systematically observed. The largest ones are
located at GB. In addition to largest Y and Ti oxides, the GBs are enriched in Cr. The average sizes of the
particles located at GB and in the matrix are 3.7 and 2.5 nm respectively. The number density of particles at
GB is about 4 x 102* m-2. In the matrix, the particle distribution is strongly heterogeneous. Some volumes are
almost free of particles whereas some others contain a high number density (from 1.2 to 53 x 10?2 m=3). All in
all, the average sizes and number density, considering particles at GB and inside grains, are (2.8 £ 1.5) nm
and (16.1 + 1.8) x 1022 m3, respectively.

\

47 x 46 x64 nm>

63 x 62 x 80 nm? | n

Figure 5.10: Two examples of 3D reconstructions of the ODS Fe14Cr extruded bar. Cris in purple, Y, Tiand O are in
red and Fe is in black. Y-Ti oxides are highlighted. Grain boundaries are materialized by yellow dashed lines.

Here again, a high level of Fe and Cr is observed in the particles and is attributed to field evaporation
artefacts. The particle stoichiometry considering only Ti, Y and O is nearly (29.5 + 0.8)%Ti, (15.5 + 0.7)%Y
and (55.0 + 0.9)%0 for particles inside matrix as well as particles at GB. The ratio Cr over Fe measured in
the particles, as well as concentration profiles along particles long axis indicate that there are surrounded by
Cr enriched shell.

5.5 Neutron diffraction texture measurements

The analysed sample of ODS Fel4Cr was provided by CIEMAT. Results of EBSD measurements obtained
before for this material were reported in Ref. [15]. The sample position and orientation are shown in Figure
5.11. The complete diffraction pattern of ODS Fel4Cr is presented in Figure 5.12. The (110) and (200)
reflections were selected to determine two independent pole figures, shown in Figure 5.13. A strong a-fiber
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was observed, with the (110) direction parallel to the extrusion direction. The corresponding ODF was
obtained by the method presented in [3], [18] and is shown in Figure 5.14. In addition to a-fiber, two more
components can be identified, (001)[-1-10] and (111)[0-11]. There is therefore good qualitative agreement
with the results obtained by EBSD and X-ray diffraction, as well as with previous neutron diffraction studies,
such as [19], carried out to characterize the texture in similar ODS steels. Sampling a much larger volume,
with higher statistics, and measuring the whole pole figure are the main advantages of the neutron
technique with respect to EBSD and X-rays; they result in a more accurate determination of the ODF. A
continuation of this study should primarily concern the evolution of the different texture components under
annealing; in-situ heating is also possible, but with a linear size limitation of approximately 5 cm for this
instrument. Finally, repeating with higher resolution the diffraction pattern shown in Figure 5.12 would allow
to check the presence of minority phases, as it has already been done for a 9 Cr-ODS [20], and improve the
crystallographic characterization of this sample.
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Figure 5.11: Investigated sample, cut from ODS Fel4Cr bar. The defined coordinate system for the neutron
diffraction measurements is indicated, the extrusion direction is perpendicular to the plane of the figure; the
diffracting volume (inside the red circle) is also shown.
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Figure 5.12: 26 scan diffraction pattern of the 14 Cr-ODS sample.
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Figure 5.13: Measured (110) and (200) pole figures for the 14Cr- ODS sample.
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Figure 5.14: Even ODF of the 14Cr-ODS sample, obtained from the pole figures of Figure 5.13.

5.6 Tensile properties

The main tensile properties for the studied ODS steels at room temperature are summarized in Table 5.3.
Clearly, ODS Fel4Cr steel exhibits highest strength of all tested materials. In addition, the advantage of heat
treatment on ODS Fe9Cr steel is apparent from the improvement in strength. Nevertheless, reduction in total
elongation/ductility is obvious. All steels manifest significant strain hardening with the highest for as-received
ODS Fe9Cr F steel. Interestingly, under as-received condition ODS Fe9Cr steel exhibited a yield point
phenomenon which indicates the presence of carbon in solid solution at interstitial sites [12], which is
coherent with APT measurements. The influence of temperature on tensile properties with microstructural
evolution and fracture characteristics are reported separately, see Refs. [12,13,21].
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Table 5.3: Tensile data for the studied ODS steels at room temperature, for actual tensile curves and more see Refs.

12,13].

Alloy Yield Ultimate Uniform Total elongation
stress strength elongation (%)
(MPa) (MPa) (%)

ODS Fe9Cr F 740 10.3 20.9

ODS Fe9Cr T™M 929 1052 2.7 7.6

ODS Fel4Cr F 1080 1126 9.1 20.9

5.7 Summary of results on as-received and quenched & tempered materials

The average characteristics of the microstructure and nanoparticle size distributions derived from different
experimental techniques for the as-received ODS Fe9Cr, quenched and tempered ODS Fe9Cr and ODS
Fel4Cr are listed in Table 5.4 to Table 5.6, respectively. The most probable estimates of the microstructure
parameters needed for the yield stress prediction are printed in bolt. These estimates are summarized in
Table 5.7 along with the measured values of the yield stress.

Table 5.4: Experimental results obtained for as-received ODS Fe9Cr extruded bar (lot L22-M1).

Technique dg Yo} dp Np particle type
(um) (10 m-?) (nm) (1072 m®) (ratio Y-Ti-O)

Microstructure Ferritic

APT - - 5.1+0.8 2.7+05 close to 1-1-2

SANS - - 35%£0.2 12.3 consistent with

2-2-7 or 2-1-5

TEM 046+0.1 (4.1+£0.9) 15+4

EBSD 1.19 - - - -

Selected value 1 0.5 4 10 -

Table 5.5: Experimental results obtained for quenched and tempered ODS Fe9Cr extruded bar (lot L22-M1).

particle type
(ratio Y-Ti-O)

consistent with
2-2-7 or 2-1-5
2-2-7

Technique dg P dp Np
(um) (104 m?) (nm) (102 m*)
Microstructure tempered martensitic (cooling rate may differ from lab to lab)
SANS* - - 35+0.2 12.3
TEM-1 0.25 ** - (10 £ 5) (0.1)
TEM-2 34+1.0 47+0.5 8+2
EBSD 0.46 - - -
Selected value 0.5 3 4 10

* SANS indicates equal size distributions for as-received and quenched + tempered ODS Fe9Cr

** |_ath width
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Table 5.6: Experimental results obtained for ODS Fel4Cr extruded bar (lot 127-M2).

d d N article type
Technique g P P p particle typ
(um) (10 m3?) (nm) (1022 m3) ratio Y-Ti-O
APT - - 28+15 16.1+1.7 close to 1-2-4
44
SANS* - - 2.3+0.1 -
12
TEM-1 0.45 =5 4 >2
TEM-2 wx 2.2 32+6
EBSD 0.51 - - - -
Selected value 0.5 5 2.4 26 -

* The second value is the difference between ODS 14Cr extruded bar and the yttria-free Fel4Cr reference.
** | arge spatial variations

Table 5.7: Data sets for Fe-Cr model alloys, Eurofer 97 and ODS Eurofer reported in literature and average material
parameters selected for ODS Fe9Cr and ODS Fel4Cr steels.

Alloy Grain Dislocation Part. mean  Number Yield
size, density, diameter, density, stress,
dg pd dp Np Oy
(um) (10 m2) (nm) (102 m3) (MPa)

ODS Fe9Cr F 1 0.5 4 10 740

ODS Fe9CrTM 0.5 3 4 10 929

ODS Fel4Cr F 0.5 5 2.4 26 1080
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6 Results on thermally aged materials

6.1 SPT after low-temperature short-term and intermediate-temperature

long-term treatments

The results are reported as the average value and the error bar calculated as the standard deviation of the
tests performed in the same conditions. The load-deflection curves can be seen in Figure 6.1 to Figure 6.8
for the orientations L (left) and T (right).

—— 14Cr ODS Bar AR T1 RT
800 800 —— 14Cr ODS Bar AR T2 RT
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600 600 —— 14Cr ODS Bar AR T9 300
—— 14Cr ODS Bar AR T10 300
—— 14Cr ODS Bar AR T12 500

700 700

500 4 500 —— 14Cr ODS Bar AR T5 500
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— 300 4 3
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—— 14Cr ODS Bar AR L3 300
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1004 —— 14Cr ODS Bar AR L5 500
—— 14Cr ODS Bar AR L6 500
0 T T T T 0-f T T T T
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Figure 6.1: 14Cr ODS bar as received.
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Figure 6.2: 14Cr ODS bar 475 °C/1.000 h.
800 800
—— 14Cr ODS Bar 700/10.000h T1 RT
700 — 14Cr ODS Bar 700/10.000h L1 RT 700 —— 14Cr ODS Bar 700/10.000h T2 RT
b — 14Cr ODS Bar 700/10.000h L2 RT T —— 14Cr ODS Bar 700/10.000h T3 300
—— 14Cr ODS Bar 700/10.000h L3 300 —— 14Cr ODS Bar 800/10.000h T4 300
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Figure 6.3: 14Cr ODS bar 700 °C/10.000 h.
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800 800
—— 14Cr ODS Bar 800/10.000h T1 RT
700 700 - —— 14Cr ODS Bar 800/10.000h T2 RT
—— 14Cr ODS Bar 800/10.000h T3 300
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Figure 6.4;: 14Cr ODS bar 800 °C/10.000 h.
800 800
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Figure 6.5: 9Cr ODS bar (tempered).
800 800
——9Cr ODS Bar 475/1000 L1 RT —— 9Cr ODS Bar 475/1000 T1 RT
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Figure 6.6: 9Cr ODS bar (tempered) 475 °C/1.000 h.
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Figure 6.7: 9Cr ODS bar (tempered) 700 °C/10.000 h.
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Figure 6.8: 9Cr ODS bar (tempered) 800 °C/10.000 h.
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A comparison of SPT parameters obtained for the as-received materials tested in the L- and T-direction
provides insight into the anisotropy of the material. Significant anisotropy was observed for 14Cr ODS bar.
This anisotropy is also shown on tensile and creep tests within GETMAT project and it is due a
morphological and crystallographic texture showed by this material. These results confirm previous small
punch tests performed with larger specimens (6 mm diameter, 0.500 mm thickness) on the same bar. As can
be seen in Figure 6.9, the specimens with T orientation show a decrease in load (strength) and a decrease
on small punch energy, that indicate a less ductile behaviour for the transverse oriented specimens.

250
700
° ® 14Cr ODS Bar AR (L)
6004 ® 14Cr ODS Bar AR (T) ®  14Cr ODS Bar AR (L)
200 L4 ® 14Cr ODS BarAR (T)
500
- ] E 150
Z 400 E 150
E o . 2 . |
£ 3001 ? a 9, 100+ :
w L]
200 L4
100 507
0 T : r : : .
0 100 200 300 400 500 0 ; o o o o o
o) T(°C)

Figure 6.9: 14Cr ODS bar as received: Effect of specimen orientation on the maximum load and small

punch energy.

This anisotropy can be also observed on the load-deflection curves as seen in Figure 6.10.
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Figure 6.10: 14Cr ODS bar as received: Effect of specimen orientation on load-deflection curves.

This anisotropy is no so evident for the tests performed in the 9Cr ODS bar (after tempering), except for
room temperature tests, see Figure 6.11. By comparing both bars, the 14Cr ODS bar show a better
mechanical behaviour than the 9Cr ODS bar (tempered) in strength (higher load) and ductility (higher SP
energy), see Figure 6.12.
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Figure 6.11: 9Cr ODS bar as received: Effect of specimen orientation on the maximum load and small
punch energy.
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Figure 6.12: Comparison of the 14Cr ODS bar and 9Cr ODS bar in the as received condition: maximum
load and small punch energy.
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6.2 High-temperature short-term treatments

6.2.1 Hardness

The hardness of the materials was measured after aging and is plotted in Figure 6.13. The values for MAT-1
contain a large scatter and error-bars. This is due to the bi-modal microstructure which is also shown in the
IPF maps (Figure 6.14). The hardness for MAT-1 drops steadily with increasing aging times and
temperatures. It reaches its minimum at 2500 h/1100 °C. MAT-2 showed some variations in the hardness

values, but retained at least the as-received values (when aged at 900 °C). The steady increase in hardness
for MAT-3 at 900 °C could not be explained.

Ageing at 1100 °C for 2500 hours lowered the hardness significantly for all tested materials up to a maximum
drop of 100 HV30 for MAT-1. MAT-4 was not plotted since it did not give reliable values, since ageing took

place within the austenite regime and the final hardness was dependent on the transformation to
ferrite/martensite while cooling.
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Figure 6.13: Hardness measurements of the materials after different aging conditions.

6.2.2 Microstructure

When aged at 900 °C for very long times (5000 h) the MAT-3 shows only minor changes in the

microstructure and only beyond 500 h. Up to 500 h ageing, the microstructure is unaffected. This is shown in
Figure 6.14.

Figure 6.14: MAT-3 after ageing at 900 °C (EBSD inverse pole figure maps).
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The grain orientation spread (GOS) can be used to measure the state of the microstructure. Large values for
orientation spread indicate deformed microstructures. Very low values (<0.5) would correspond to recovered
or recrystallized states. As expected from the IPF maps, the GOS does not change significantly over ageing
time (Figure 6.15) for MAT-3. However, orientation gradients, which increase the GOS values are present in
all of the materials conditions. The grains are not recrystallized after the ageing treatment.

CEA 14-Cr
900°C

I as-received

06

0.4

number fraction

02

0,0
0 5 10

Figure 6.15: Grain orientation spread after different ageing conditions (MAT-3).

The grain sizes (GS) were calculated and plotted into histograms (Figure 6.16). The mean value of the GS
increases by 21 nm. This effect can be neglected, since the variation can also be influenced by sampled
area of the material. We conclude that the microstructure is stable at 900°C.

o as-received 5000 h

mean value: 556 nm mean value: 577 nm

Frequency [%]
Frequency [%]

! ¥

2 3 4 5
grain size [um]

2 3 4 5
grain size [pum]

Figure 6.16: Grain size distribution before and after 5000 h at 900 °C (MAT-3).

Figure 6.17 shows an inverse pole figure map (IPF) of MAT-1 and MAT-3. The map was calculated using a
grain definition of misorientations greater than 15°. The color can be linked to the state of the microstructure.
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Color gradients within the grains indicate a deformed structure while as solid colors (low orientation
gradients) would correspond to a recovered or recrystallized state. The pictures show, that the microstructure
is not recovered in the as-received condition after hot-rolling (MAT-1) or hot-extrusion (MAT-3). Even ageing
for 500 h does not produce significant changes in the microstructure. After 2500 h, this state changes for
both materials. The gradients within the grains are mostly recovered. Massive grain growth can be observed
in both materials. The grain size distributions calculated by EBSD are also displayed in Figure 6.18.

Figure 6.17: Inverse pole figure maps of the materials aged at 1100.°C.
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Figure 6.18: Grain size distribution after ageing at 1100 °C (MAT-1) calculated by EBSD.
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Ageing of MAT-4 at 1100 °C destroyed the typical fine grained structure of 9%-Cr ODS alloys. The
temperature is already in the gamma regime and causes massive grain growth. The ODS particles were not
effective to pin the grain boundaries and block the grain growth. Particle size distributions were not
measured, but we assume that a coarsening of the particles also took place at this temperature. Figure 6.19
shows the microstructure after 2500 h ageing. Further ageing was not performed but the grains may still
growth further when treated for longer times. Since the cooling of the materials was performed within the
vacuum tubes, the critical cooling speed for a martensitic transformation was not achieved for MAT-4. This
resulted in a fully ferritic matrix with poor mechanical properties.

Figure 6.19: EBSD grain map of material MAT-4 aged at 1100 °C (2500 h).
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7 Results on ion-irradiated materials

7.1 Nanoindentation

The results presented in this section have partly been published by the contributing project partners in
Ref. [22].

7.1.1 Basic characterization of the unirradiated reference materials

ODS Fel4Cr, non-ODS Fel4Cr and ODS Fe9Cr-A (as received) exhibit a ferritic microstructure. A tempered
martensitic microstructure is present in ODS Fe9Cr-B (quenched and tempered) and ODS-Eurofer due to a
heat treatment involving austenization, quenching and tempering. Inverse pole figure maps of all materials
obtained by EBSD are shown in Figure 7.1. The normal vector of the EBSD sample surfaces was chosen to
be parallel to the extrusion/rolling direction. Grain size (dg) was determined using a misorientation angle of
10°. A fine grain size distribution was observed in all materials. The average values of grain size are 0.59 um
(non-ODS Fel4Cr), 0.44 um (ODS Fel4Cr), 1.20 um (ODS Fe9Cr-A), 0.73 um (ODS Fe9Cr-B), and 0.73
pm (ODS-Eurofer [15]), as summarized in Table 7.1. non-ODS Fel4Cr (Figure 7.1a) and ODS Fel4Cr
(Figure 7.1b) exhibit smaller average grain size compared with ODS Fe9Cr and a texture with <110>
direction preferentially oriented parallel to the extrusion direction. The added ODS particles contribute to
forming smaller grains in ODS Fel4Cr. Compared with ODS Fe9Cr-A, which has the coarsest grains, the
grains in ODS Fe9Cr-B are refined due to the quenching and martensitic trans-formation. It is well known
that the grains of ODS Fel4Cr are elongated in the extrusion direction [14]. This is not taken into account in
the average grain size determined from EBSD analyses performed for transverse samples. However, it is
reasonable to assume that the short dimensions of the grains separated by high-angle boundaries are most
relevant for grain boundary hardening as well as sink strength determination. Indeed, the sink strength is
related to the inverse of the mean distance a point defect travels in the solid before becoming trapped [9].

The results of the SANS experiments of the unirradiated materials have been reported in sections 5.3. and
5.7 and in Ref. [22]. From the SANS results, the size, number density and volume fraction of the oxide
nanoparticles were calculated. The results are also listed in Table 7.1. A TEM micrograph is shown in Figure
7.2 for ODS Fe9Cr-A as an example. The measured (ODS Fe9Cr-A and -B) or reported (ODS Fel4Cr [23]
and ODS-Eurofer [24]) dislocation densities are given in Table 7.1. For non-ODS Fel4Cr the same
dislocation density as for ODS Fel4Cr is assumed.

Table 7.1: Microstructure, indentation hardness and irradiation-induced hardness increase at reference
depth of 200 nm.

non-ODS ODS ODS ODS ODS-

Material Feld4Cr Fel4Cr Fe9Cr-A Fe9Cr-B Eurofer
Grain size, dg (um) 0.59 0.44 1.20 0.73 0.73
Oxide particle diameter, dp (nm) 2.3 2.3 3.5 3.5 3.8
Oxide particle density, Np (10?2 m-3) 32.0 44.0 12.3 12.3 11.5
Oxide particle volume fraction, fp (%) 1.09 1.46 0.51 0.51 0.72
Dislocation density, p (10%* m2) 5.0 5.0 0.46 3.4 7.0

Hit (GPa) 4.28 4.57 3.55 4.19 4.46
AHiT (300 °C) (GPa) 0.58 069 1.22 0.96 1.02
AHrr (500 °C) (GPa) 0.31 026 1.15 0.74 0.61
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Figure 7.1: Inverse pole figure maps obtained by EBSD of non-ODS Fel4Cr (a), ODS Fel4Cr (b), ODS
Fe9Cr-A (c), ODS Fe9Cr-B (d) and ODS-Eurofer (e) with the normal vector of the sample surface chosen
parallel to the extrusion/rolling direction.

Figure 7.2: Bright field image for unirradiated ODS Fe9Cr-A.
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7.1.2 Nanoindentation on unirradiated and as-irradiated materials

The results of the nanoindentation experiments performed for the unirradiated and as-irradiated conditions of
the investigated ODS alloys are provided in Figure 7.3, Figure 7.4 and Table 7.1. For the irradiation
conditions see section 3.2.

Figure 7.3a shows the indentation hardness measured as a function of contact depth for all unirradiated
materials. The individual points represent values averaged over all indentations. The error bars represent the
mean error of the average value. Figure 7.3a shows that 14Cr-ODS exhibits the largest and 9Cr-ODS-A the
lowest hardness at all depths. The indentation hardness of the unirradiated materials is taken as reference to
calculate the irradiation-induced hardness changes.
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Figure 7.3: Nanoindentation hardness as a function of contact depth: (a) comparison of hardness of
unirradiated materials, (b) — (f) comparison of hardness change after irradiations at 300 °C and 500 °C.

Figure 7.3b to f represent the indentation hardness as a function of contact depth after Fe-ion irradiation at
300 °C and 500 °C up to 10 dpa and for the unirradiated reference samples. Irradiation-induced hardness
increase occurred at both temperatures for all materials, but is more pronounced at 300 °C. All plotted curves
for 300 °C display an approximately flat stage and a subsequent gradual reduction. The curves measured
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after irradiation at 500 °C show lower hardness at low depth. This means that the hardening produced by
irradiation was weaker in the near-surface layer. The indentation hardness values taken at the reference
depth of 200 nm are graphically summarized in Figure 7.4a for all unirradiated and irradiated materials. The
differences between the hardness of the irradiated and the corresponding unirradiated materials are given in
Figure 7.4b.
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Figure 7.4: Representations of hardness value (a) and corresponding hardness increase (b) chosen at a
reference depth of 200 nm.

7.2 TEM

The microstructure induced by ion irradiation in Fe-14Cr-ODS has been studied by TEM. The irradiation
temperature has been 300 °C and the dose reached has been 10 dpa. The results are presented below.

7.2.1 Preirradiated microstructure

For results obtained by means of TEM for the as-irradiated microstructures, the reader is referred to Sections
5.1and 7.1.1.

7.2.2 Microstructure after ion irradiation at 300 °C, 10 dpa

Figure 7.5 shows the images from one of the grains closer to the specimen surface. Individual images are
stitched together in order to cover a wider region. It shows the microstructure of a cross section specimen
fabricated by FIB. The in-depth microstructure is compared to the depth damage profile estimated by SRIM
code in order to correlate the observed microstructure with the damage profile. As observed in this figure, the
radiation induced microstructure is not homogeneous. The inhomogeneity consists in the appearance of
bands which alternate regions of high and low density of dislocations and dislocation loops. The bands
appear parallel to the specimen surface and the regions showing high density correspond, approximately, to
the locations of the peaks of either the displacement damage or the concentration of injected interstitials.
The latter is more plausible because the modulation of the displacement damage seems to be too weak to
explain the pronounced modulation of the irradiation-induced microstructure. The approximate locations and
major characteristics of the bands is summarized in Table 7.2. The presence of a fine dispersion of nano-
oxides is also observed. They are better observed within the bands of low dislocation density, while their
visibility is poorer at the bands with high density of other objects.
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Table 7.2: Summary of observations, Fe-14Cr-ODS ion irradiated at 300°C, 10 dpa.

Band label | Thickness (nm) | Comments

A 40 40 nm closer to the surface
This region at the surface shows a high density of dislocations,
and, possibly, other objects. It is difficult to to discern individual
features. Its origin of it is not clear: it may be the ion irradiation or
the final surface finishing applied to the sample.

B 100 Low dislocation density.

Presence of nano-oxides and small loops.

C 110 Band of about 110 nm, centered at about 250 nm far from the
surface, approximately where the peak of damage of the lower
ion energy beam, 0,5 MeV, is placed according to SRIM
calculations.

This region shows a high density of different features: tangled
dislocation lines mixed with dislocation loops and with nano-
oxides.

D 240 Low dislocation density.

Presence of nano-oxides and small loops.

E 250 Band of about 250 nm thick, centered at about 650 nm far from
the surface, approximately where the peak of damage of the
medium ion energy beam, 2 MeV, is placed according to SRIM
calculations.

This region shows a high density of different features: tangled
dislocation lines mixed with dislocation loops and with nano-
oxides.

F 350 Low dislocation density.

Presence of nano-oxides and small loops.

G 350 Band of about 350 nm, centered at about 1350 nm far from the
surface, approximately where the peak of damage of the higher
ion energy beam, 5 MeV, is placed according to SRIM
calculations.

This region shows a high density of different features: tangled
dislocation lines mixed with dislocation loops and with nano-
oxides.
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Figure 7.5: TEM images showing the microstructure of a cross section sample of Fe-14Cr-ODS ion irradiated
at 300°C, up to 10 dpa
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8 Discussion

8.1 Microstructure of as-received and quenched+tempered ODS Fe9Cr

A variety of experimental methods including EBSD, neutron diffraction, TEM SANS and APT was applied to
characterize the microstructure. As indicated in Table 5.4 to Table 5.6, the pieces of information gained from
the application of these methods are partly complementary and partly overlap. The complementarity is
important for both a complete description of the microstructure and a microstructure-based “prediction” of the
yield stress to be obtained. Indeed, no single technique alone is capable of providing a full characterization
of the microstructure. The cases of overlap can be used to cross-check and additionally substantiate the
derived microstructure parameters.

The type of microstructure was derived from optical metallography, EBSD and TEM. The results confirm that
as-received ODS Fe9Cr, quenched and tempered ODS Fe9Cr and ODS Fel4Cr are essentially ferritic,
tempered martensitic, and ferritic, respectively. Occasional appearances of ferrite in quenched and tempered
ODS Fe9Cr and of martensite in ODS Fel4Cr were found but will be ignored in the further analysis. The
appearance of martensite in ODS Fel4Cr can only be explained in terms of spatial variations of the Cr
content locally falling below the extension of the y-range in the phase diagram. The information gathered
from different techniques on grain size is consistent for each of the materials. EBSD is favorable in extracting
the grain size, because it combines sufficient spatial resolution and sufficient statistics.

The dislocation density was derived exclusively on the basis of TEM. A considerable degree of heterogeneity
was found with respect to the dislocation structure. However, rough estimates of the average dislocation
density were derived from the analyses at different positions.

Information on the oxide nanoparticle distribution was derived from APT, TEM and SANS. The SANS results
are distinguished by a probed volume (approximately 50 mms3) that is many orders of magnitude larger than
for TEM and APT and that allows macroscopically representative and statistically reliable size distributions to
be obtained. On the other hand, SANS cannot resolve the composition of particles (in contrast to APT) nor
discriminate between different types of nanoparticles of similar size. Taking into account the different sizes of
the probed volumes and the observed heterogeneities of the spatial distribution of particles, the sizes and
number densities of particles listed in Table 5.4 to Table 5.6 seem to be reasonably consistent. It is
interesting to note that, based on SANS, quenching and tempering of ODS Fe9Cr did not change the size
and number density of oxide nanoparticles. This peculiarity was utilized to separate the isolated effects of
particle size distribution and microstructure (in terms of grain size and dislocation density).

8.2 Microstructure property correlation

The results presented in Table 5.4 to Table 5.7 allow a microstructure-based calculation of the yield stress of
ODS alloys to be performed. The comparison of calculated and measured values of the yield stress will
provide a much better understanding on the dominant hardening mechanisms, their relative contributions
and their law of superposition in ODS steels. The target was not only to uncover a microstructure-yield stress
correlation for the present set of project-related alloys, but also to ensure a physically sound asymptotic
behavior over a wide range of microstructures. A detailed description of the procedure and results can be
found in [11]. The present discussion is focused on the essentials.

The data set obtained within Task 4.1 of MatISSE was extended using data generated in the former EU
project GETMAT and reported in the literature. The extended data set is given in Table 8.1. Both grain size
and dislocation density of the materials from the extended data set vary over two orders of magnitude. The
nanoparticle number density varies from practically zero to exceptionally high values achieved by advanced
technologies of ODS steel fabrication.
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Table 8.1: Data sets for Fe-Cr model alloys, Eurofer 97 and ODS Eurofer reported in literature and average
material parameters selected for ODS Fe9Cr and ODS Fel4Cr steels.

Alloy Grain Dislocation  Part. mean Number Yield
sizedy gensity (14 diameterd, density Np  stress
MmM) Y (1014 m2) (nm) (102m3)
(MPa)
Fe2.5Cr 37 0.12 w/o w/o 144
Fe5Cr 10 0.58 w/o w/o 206
Fe9Cr 3 0.63 w/o w/o 289
Fel2Cr 3 0.55 w/o w/o 349
Eu97 2 2.2 w/o w/o 550
ODS-Eu 0.5 7 3.8 11.5 1050
ODS Fe9Cr F 1 0.5 4 10 740
ODS Fe9CrTM 0.5 3 4 10 929
ODS Fel4Cr F 0.5 5 2.4 26 1080

As a first trial, it is assumed here that the yield stress (o,) of the materials at room temperature can be given
by a simple sum of strengthening contributions which is as follows:

oy = 09+ 05+ 05+ 04 + gy (1)

where oy, ds, o4, 04 and a,, are the contributions from lattice friction, solid solution strengthening, grain size or
Hall-Petch strengthening, dislocation forest strengthening and nanoparticles strengthening, respectively.
Although pure linear summation according to Eq. (1) is an over-simplification, Eq. (1) may well serve as a
road map to introduce the individual contributions separately. The lattice friction or Peierls-Nabarro stress
(op) is required to move a dislocation through the perfect lattice. Solid solution strengthening (o) includes
both the interstitial strengthening from the carbon in solid solution and the substitution strengthening from all
substitutional elements. However, with respect to the present alloys, interstitial strengthening will have a
negligible contribution since most of the carbon, present in appreciable amount only in ODS Fe9Cr steel, is
already precipitated out in form of carbides. The strengthening effects of substitutional alloying elements in
bcc iron matrix follow a simple expression as:

o = 0.00689 k X™ ()

where X is the equilibrium concentration of substitutional elements in atomic percent, n= 0.75 for all
elements, and kis the strengthening coefficient. The total substitutional strengthening effects were
calculated for the extended set of alloys based on the knowledge of their composition [11]. Grain size or Hall-
Petch strengthening (o,) expresses the influence of grain boundaries on the dislocation behavior. Indeed,
dislocations are gradually stacked at grain boundaries and form pile-ups until they reach the threshold to
pass to the next grain. This strengthening contribution can be estimated as:

b
Og = agG\/% (3)

Here a4, = 0.2, G is the shear modulus, b is the Burgers vector and dg is the mean grain size according to

Table 8.1. Dislocation forest strengthening (o) is due to the interaction between dislocations when a mobile
dislocation interacts with another one which goes across its gliding plane. The contribution from dislocations
strengthening can be estimated by Bailey-Hirsch relationship, which is widely accepted as:
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0q = adMGb\/E (4)

where a,; = 1/3 is an obstacle strength for dislocations by dislocations M is the Taylor factor and p, is the
dislocation density according to Table 8.1. Particle strengthening (o) is due to the dispersed nano-oxide
particles which act as impenetrable obstacles for dislocations glide. Several authors suggested detailed
equations for calculating this contribution, which were partly based on knowledge or assumptions about the
dislocation-particle interaction mechanism. For the present purpose, this degree of detail seems to be
inappropriate, since different interaction mechanisms may be assumed to operate simultaneously depending
upon various factors such as particle type, their degree of coherency etc. It is therefore reasonable to use
the simplest scaling equation based on the dispersed barrier hardening concept with an empirical constant:

0y = ayMGh |Nyd, (5)

where a,, is the obstacle strength for oxide nano-particles (which may vary between 0.1 and 0.5 depending
on particle type and degree of coherency, mean value 1/3), Np is the number density of nanoparticles and dp
is the mean diameter according to Table 8.1.

Calculation of the yield stress according to Egs. ((1) to ((5) and comparison with the measured yield stress
indicated a strong overestimation with respect to the measured values. However, literature provided
evidence for a Pythagorean superposition of forest and particle strengthening. Therefore we replaced Eq.

((1) with Eq. ((6):
oy, =0t os+a5+ /0d2+ap2 (6)

As shown in Figure 8.1a and b, Eqg. (6) still gives rise to a significant overestimation of the measured values
of the yield stress, in particular for the ODS alloys, and a trend of the residuals. It was then found that
removal of both the friction stress and the solid-solution hardening component yield an almost perfect
agreement between calculated and measured yield stress as shown in Figure 8.1c and d. This corresponds
to a replacement of Eq. ((6) by Eq. ((7), which is the final result.

oy =04+ /adz + 0,2 (7)

Although there are some arguments in favor of the elimination of g, and o, from Eq. (6) [11], the good fit
does not provide sufficient evidence for Eq. ((7) to be 100% sound from the mechanistic point of view.
Indeed, a similar quality of fit can probably be achieved by slightly reducing some of the factors of
proportionality in Egs. ((3) to ((5) combined with a less than 100% reduction of g, and a;.
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Figure 8.1: (a) Yield stress calculated according to Eq. 6 versus experimental yield stress, (b) residuals
versus experimental yield stress, (c) Yield stress calculated according to Eq. 7 versus experimental yield
stress, (d) residuals versus experimental yield stress for the studied alloys.

8.3 Effect of thermal ageing treatments

8.3.1 Ageing treatment at 475 °C/1000 h

The effect of the 475 °C/1.000 h thermal ageing on the small punch parameter for the 14Cr ODS bars seems
to be dependent on the specimen orientation, see Figure 8.2. For the T-oriented samples, the effect is more
pronounced with an increase of load (F_m), but accompanied by and increase on small punch energy. This
increase of ductility (increase of SP energy) does not correspond to the expected embrittlement phenomena
associated to the decomposition into the Fe-rich a phase and the Cr-rich o’ due to this thermal ageing. On
the other hand for the L-oriented specimens, no effect can be observed. The fracture plane of the T-oriented
specimens corresponds to the elongated grain direction, which can create more scatter and results more
difficult to analyse.
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Figure 8.2: Effect of 475 °C/1.000 h thermal ageing on the 14Cr ODS bar small punch parameters.

For the 9Cr ODS bar, no effect of 475 °C/1.000 h ageing treatment is observed, neither on the T- or L-
oriented specimens, see Figure 8.3. This result was expected taking into account that the anisotropy in this

bar is weak and that the Cr content is low to enhance a- o’ decomposition.

A detailed consideration of the latest Fe-Cr binary equilibrium phase diagram (see Figure 1.1) shows that the
minimum Cr content required for a- o' decomposition at a temperature of 475 °C is 14.9 wt%. Therefore, the
phase diagram predicts that 475 °C embrittlement should not occur in ODS Fel4Cr bar containing 13.5 wt%
Cr. This is what was observed in the performed small punch tests. The results are a nice confirmation of the

expectation from the binary phase diagram for a complex alloy.
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Figure 8.3: Effect of 475 °C/1.000 h thermal ageing on the 9Cr ODS bar small punch parameters.

8.3.2 Microstructure stability and softening under thermal conditions relevant

for operation

Two long term ageing treatment were performed at 700 °C/10.000 h and 800 °C/10.000 h for both 9Cr ODS
and 14Cr ODS bars. The effect of both ageing treatments on small punch parameter can be seen in Figure
8.4 for the 14Cr ODS bar and in Figure 8.5 for the 9Cr ODS bar.

For the 14Cr ODS bar, the effect is, as for the 475 °C/1.000 h treatment, dependent on the specimen
orientation. For the T-oriented specimens, the scatter is significant and the long term treatments induce a
slight hardening (increase of F_m) and no effect on ductility, except for the tests at 300 °C were both
treatments induce an increase of ductility. On the other hand, for the L-oriented specimens after the long
term treatment for the room temperature tests, show an decrease of strength or softening with a decrease of
ductility, this results are in accordance to the tensile results of L-oriented specimens. For all the cases, the
tests performed at 500 °C do not show any evidence of the effect of long term ageing.

The effect of the long term ageing is more evident on the L-oriented specimens for the 9Cr ODS bar,
showing the thermal aged specimens a decrease of strength and ductility. For the T-oriented specimens no
clear effect can be seen.
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Figure 8.4: Effect of long term thermal ageing on the 14Cr ODS bar small punch parameters.
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Figure 8.5: Effect of long term thermal ageing on the 9Cr ODS bar small punch parameters.
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8.3.3 Microstructure stability after high-temperature short-term treatments

Materials performed differently for the ageing temperatures and times. The performance is strongly
dependent on the fabrication route. While the microstructure after HIP+hot-rolling or hot-extrusion may look
similar, the materials behaviour is completely different.

Although produced in different laboratories (KIT and CEA), the extruded materials (MAT-2, MAT-3) showed a
similar performance. At 900 °C, the microstructure remained stable and the hardness was mostly unaffected.
The grain orientation spread and grain size distribution charts also underpin this hypothesis. However, the
hardness increase after 500 h at 1100 °C cannot be explained with the given data. Microstructural evidence
could not be found. This would indicate that a change in the morphology and distribution of the oxide
particles would have cause the drop in hardness. Additional TEM experiments may clarify this subject.

It is clear that in the case of MAT-4 the temperature of 900 °C and above was too high and caused a phase
transition in the material. The ageing was performed within the gamma-regime and the material formed a
ferritic structure at the end of the experiment during the cooling. Martensite was not found, because all the
specimens were left to cool within the vacuum glass tubes and not quenched. The cooling rate was below
the critical rate for martensite formation.

8.4 Effect of ion irradiation

8.4.1 Impact of irradiation temperature on hardening

Figure 7.3(b) to (f) show that a common feature of all materials irradiated at 500 °C is a decrease of
indentation hardness at decreasing indention depth in the near-surface region. This indicates an important
role of the sample surface in the evolution of irradiation-induced defects. A possible interpretation is the
operation of the surface as defect sink in combination with either point defect diffusion or glide of dislocation
loops to the surface. A similar surface effect is well known from TEM observations on samples irradiated as
thin foils. Another possible explanation for the decrease of indentation hardness at decreasing indention
depth in the near-surface region is related to the sequence of the three-step irradiations. Indeed, it is
possible that a fraction of the irradiation-induced defects introduced during steps 1 and 2 of the irradiation
(see Table 3.3) will recombine during steps 2 and 3, when the whole sample is again exposed to the
irradiation temperature. The healing effect on the nanohardness would presumably be more pronounced for
the irradiations at 500 °C.

At higher indentation depths, where surface effects do not play a role, obviously two kinds of behavior as a
function of irradiation temperature have to be distinguished. For the 9Cr-ODS alloys, we have found equal
hardening for both temperatures within experimental error indicating similar distributions of irradiation-
induced nanofeatures, although a coincidental compensation of different contributions cannot be excluded.
In contrast, hardening observed for the 14Cr alloys irradiated at 500 °C is significantly less compared to
300 °C. This difference indicates dissimilar types or distributions of irradiation-induced nanofeatures. The
counterparts, 300 °C versus 500 °C and 9Cr versus 14Cr, imply a special role of Cr-rich o’-phase particles
according to the Fe-Cr phase diagram. The remaining part of this section aims to analyze this scenario.

Irradiation-enhanced o’ formation was frequently reported in the literature [25]. According to the equilibrium
Fe-Cr phase diagram [1], significant amounts of o’ are expected to form in Fe-14Cr alloys at 300 °C, but
much less o’ can form in Fe-9Cr alloys at 300 °C and no o’ can form at 500 °C for both Cr contents. The
equilibrium volume fraction of a’ as a function of Cr at 300 °C is summarized in Table 8.2. The formation of
these volume fractions of o’ gives rise to additional hardening, which can be roughly estimated on the basis
of the dispersed-barrier hardening model, Eg. (8):

AHpp g = %MGb\/Nd ®)

Here, the obstacle strength, «, for a’-phase particles is assumed to be 0.015 according to [26], the
conversion factor, 5, between yield stress increase and indentation hardness increase is taken to be 0.44,
M = 3 is the Taylor factor, G = 84 GPa is the shear modulus, b = 0.248 nm is the Burgers vector, d =2 nm is
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the mean diameter of o’-phase particle according to [26] and N is the number density of particles estimated
from the equilibrium volume fraction assuming a monomodal distribution of spherical o’-phase particles.

Table 8.2: Calculated equilibrium fraction of a’ (vol%) as a function of Cr at 300 °C, hardening caused by a’-
phase particles calculated according to Eqg. (8) and measured hardening (reference depth 400 nm, taken
from Figure 7.3) at 300 °C in excess of 500 °C.

. 14Cr- 14Cr-  9Cr- 9Cr- ODs-
Material
non-ODS  ODS ODS-A ODS-B Eurofer
Cr (wt.%) 13.8 135 9.1 9.1 8.9
Equilibrium fraction of a’ at 300 °C (vol%) 6.8 6.5 1.3 1.3 1.1
AHir,« according to Eq.(1) (GPa) * 0.38 0.38 0.17 0.17 0.15
AHir 300°c - AHit500°c, measured (GPa) 0.3 0.3 <0.03 0.1 0.1

* Solubility limits of Cr in a and Fe in o’ are 8 wt.% and 2 wt.%, respectively, according to the Fe-Cr phase
diagram reported in [1]. wt.% of o’ calculated from lever rule and converted to vol% of .

The theoretical hardness increase due to a’-phase patrticles derived from Eq. (8) and the measured excess
hardness at 300 °C (compared to 500 °C) are shown in Table 8.2. The measured hardness difference was
taken at an indentation depth of 400 nm in order to avoid interference with surface effects observed for
500 °C. At this indentation depth, the hardness values are already reduced due to the substrate effect,
because the plastic zones of the indentations extend deeper into the bulk than the ion irradiations. The
comparison of the estimated hardening due to a’-phase particles and the excess hardness measured at 300
°C shows a trend telling that the higher the equilibrium fraction of a’ and the higher the resulting theoretical
a’-induced hardening, the more the hardness measured at 300 °C exceeds the hardness measured at
500 °C, a temperature for which a’ cannot form.

This is another indication that the initially presumed role of a’-phase particles might indeed be applicable.
However, this indication must not be overstressed. It is not clear if the complete amount of equilibrium o’ may
have formed after ion irradiation up to 10 dpa. In this context, it is important to note that:

e ¢ formation was indeed observed in Fe-Cr alloys neutron-irradiated at 300 °C up to 0.6 dpa. These
a’-phase particles contributed essentially to the hardening for Fe-12%Cr [26].

e Less evidence on o’ formation seems to be available for neutron-irradiated ODS steels.

e No a’ was recently reported for an Fe-12%Cr alloy ion-irradiated at 300 °C up to 0.5 dpa [27]. This
phenomenon was interpreted as a consequence of the injected interstitials [28].

The arguments listed above show that further investigations are needed in order to clarify the possible
contribution of a’-phase particles to the hardening at 300 °C observed in this study. On the other hand, a’-
phase formation is strictly excluded at 500 °C. This situation led us to focus on the 500 °C irradiations in
section 8.4.2.

8.4.2 Impact of the initial microstructure on hardening

The discussion of the irradiation-induced hardness changes shown in Figure 7.4b is performed on the basis
of the microstructural parameters collected in Table 7.1. Generally speaking, there are two different aspects
of irradiation hardening, which can be cast into the following questions:

(1) How do the glide obstacles of the initial microstructure and the irradiation-induced nanofeatures of
different kinds superimpose to substantiate the hardness measured for the irradiated materials? This
guestion was tackled for the less complex case of neutron-irradiated Fe-Cr alloys [26]. As compared
to [26], SANS is not applicable to the ion-irradiated thin layers of the present case; TEM is in
progress within the collaborative project, but it is difficult to quantify the distribution of irradiation-
induced nanofeatures such as loops in ion-irradiated technical Fe-based alloys by means of TEM,;
APT of the present set of ion-irradiated ODS alloys has not been included in the project, but should
be envisaged as complementary study. Thus, it is a future challenge to answer question (1).

(2) How does the initial microstructure enhance or impede the evolution of the irradiation-induced
microstructure and thus give rise to higher or less amounts of irradiation hardening? This question is
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tackled below within the concept of sink strength. The characteristics of the irradiation-induced
nanofeatures (loops, defect-solute clusters) appear as implicit variables, the values of which remain
unknown.

Sinks for irradiation-induced point defects play a particular role in the microstructure evolution during
irradiation, as they reduce the concentration of point defects available for irradiation-enhanced solute atom
diffusion. For the present set of alloys, three types of sinks are potentially operative: dislocations, particle-
matrix interfaces, and grain boundaries [29]. The specific sink strengths of dislocations, particles and grain
boundaries and the total sink strength, denoted by Sq, Sp, Sg and Stwta, respectively, can be calculated
according to Egs. (9) to (12) [29].

Stotal = Sq + Sp + Sg 9)

Sa = Zgp (10)

Having checked that capture of defects by dislocations is essentially diffusion-controlled [29] for the present
microstructures, a value of 1.2 was estimated for the dislocation capture efficiency Za4 according to the
method described in [29]. As we are not interested in swelling here, the capture of vacancies and interstitials
is not distinguished.

Sp = 21N,d,, (11)

Eq. (11) is applied here as an approximation. It is valid for incoherent particles. We assume that both
coherent and incoherent oxide nanoparticles are present in the materials investigated here. Coherent
particles differ from incoherent particles with respect to the fact that they operate as point defect traps rather
than sinks. Trapped point defects do not lose their identity and may recombine at a later time [29].

Sg =6 Stotal/dg (12)

Eq. (12) is derived for the case that (Stwta))?dg >> 1 [29]. Note that the sum of Egs. (9) to (12) constitute an
implicit equation for Stwta. The calculated values of the partial and total sink strengths are summarized in
Table 8.3: Calculated sink strength and indentation hardness increase measured at a reference depth of
200 nm. As the first observation, the 14Cr alloys exhibit smaller hardening than each of the 9Cr alloys for
both irradiation temperatures. On the one hand, this observation cannot be due to a possible contribution of
a’ to hardening (if any), because AHir« is too small and follows the opposite trend, see Table 8.3. On the
other hand, the observation is consistent with the larger total sink strengths calculated for the 14Cr alloys. As
Table 8.3 shows, particles contribute most to the total sink strength followed by grain boundaries and
dislocations. With the exception of Sa for ODS-Eurofer, the individual contributions are larger for the 14Cr
alloys than for the 9Cr alloys.
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200 nm.

14Cr- 14Cr-  9Cr- 9Cr- ODS-
Material

non-ODS ODS ODS-A ODS-B  Eurofer
Sink strength of GBs, Sg (1014 m?) 7.9 12.3 2.7 4.9 5.3
Sink strength of particles, Sp (101 m-?) 46.2 63.6 27.0 27.0 275
Sink strength of dislocations, Sa (104 m2) 6.0 6.0 0.6 4.1 8.4
Total sink strength, Stotal (10 m-?) 60.1 819 303 36.1 41.1
AHir (300 °C) (GPa) 0.58 0.69 122 0.96 1.02
AHir (500 °C) (GPa) 0.31 0.26 1.15 0.74 0.61

As the second observation, 9Cr-ODS-B exhibits smaller hardening than 9Cr-ODS-A for both irradiation
temperatures. The only difference between these two alloys is related to the heat treatments, which resulted
in higher dislocation density and finer grains for 9Cr-ODS-B, but did not change the particle distribution.
Therefore, the sink strength of particles Sp cannot be the reason of the smaller hardening of 9Cr-ODS-B. In
other words, the smaller grain size and/or the higher dislocation density improve irradiation resistance,
although they add only a minor part to the total sink strength.

In the above discussion, we have considered selected groups or pairs of materials in order to evaluate the
effect of microstructure parameters. We have found that each of the sink types contributes to the irradiation
resistance. A more detailed evaluation of the roles of the individual microstructure parameters is beyond the
scope of the present study. However, it is interesting to analyze the irradiation-induced hardening as a
function of total sink strength for the whole set of alloys as shown in Figure 8.6 for the irradiations at 500 °C.
The 300 °C irradiations are placed back because of the unresolved situation for a’-phase particles. In Figure
8.6, we have introduced a power-law fit to the experimental data. The overall trend confirms the expectation
that higher total sink strength gives rise to less hardening. We do not dispose of an analytical model
predicting the amount of irradiation-induced hardening as a function of total sink strength. However, the fit
curve represents an inverse relationship, which may serve as a rough empirical approximation for the
materials and conditions of this study. Although the 300 °C irradiations are excluded from Figure 8.6, it is
interesting to note that Table 8.3 indicates a similar but weaker trend.
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Figure 8.6: Irradiation-induced hardness change at 500 °C as a function of total sink strength.
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A similar analysis was performed in [30] on the basis of a broader range of sink strengths, namely from
10 m2 to 4X 10 m2. They observed a low-sink-strength domain, where hardening is independent of sink
strength, and a high-sink-strength domain, where hardening strongly decreases. The range of sink strength
investigated in the present study is close to the transition range between both domains.

8.4.3 TEM-based insight on the irradiation-induced nanofeatures

As shown in Section 7.2.2, TEM provided strong evidence of ion-irradiation-induced microstructural changes.
These changes consist in the formation of irradiation-induced dislocation loops and networks of tangled
dislocations, which are arranged in the form of bands. The evidence is based on the observed modulation of
the microstructure as a function of the distance from the sample surface. Indeed, the bands of maximum
density of loops and tangled dislocations, which are separated by regions of low densities of loops and
dislocations, exhibit a pronounced correlation with the locations of the maxima of the displacement damage
and the density of injected inter-stitials introduced as a result of the three-step self-ion irradiations. This
correlation convincingly shows that the irradiation-induced microstructures in the bands are not just artefacts
introduced as the result of the sample preparation using focussed ion beams.

The primary and secondary reasons for the observed formation of dislocation loops and tangled dislocations
are tentatively concluded to be the injected interstitials and the displacement damage, respectively. The
comparatively minor role of the displacement damage is indicated by the fact that the displacement damage
shows a weak modulation with an amplitude of approximately 20%, whereas both loop/dislocation densities
and injected interstitials are strongly modulated with amplitudes close to 100%. Moreover, it appears that the
positions of maximum concentration of injected interstitials better coincide with the centre lines of the bands
than the positions of maximum dpa. More work including modelling is required to derive quantitative
relationships.

The presence of a fine dispersion of nano-oxides is also observed. They are better observed within the
bands of low dislocation density, while their visibility is poorer at the bands with high density of other objects.
It is reasonable to assume that the nano-oxides had been present in the alloys before irradiation. No
indications of irradiation-induced changes of the size and number density of nano-oxides were obtained. This
suggests stability of the nano-oxides against ion irradiation under the present conditions.

Finally, the TEM observations provide a rationalization of the observed irradiation-induced increase of the
indentation hardness. Indeed, both dislocation loops and line dislocations represent obstacles for the glide of
dislocations and, according to Section 8.2, contribute to hardening. It is important to point out that the type of
performed nanoindentation experiments levels out the modulations of the microstructure. Therefore, the
average densities of irradiation-induced loops and dislocations are expected to be responsible for the
measured hardness increase. Future work is needed to derive quantitative relationships between irradiation-
induced microstructures and hardening.
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9 Summary and conclusion

A comprehensive and consistent description of the microstructures and mechanical properties of the ODS
Fe9Cr and Fel4Cr alloys selected for the purposes of Task 4.1 of the MatISSE project was achieved by
applying a combination of microstructure characterization techniques and mechanical testing. The
collaborative study included the assessment of the initial microstructures and properties as well as the
effects of different kinds of thermal treatments and ion irradiations.

The following main conclusions can be drawn from the investigation:

- A combination of microstructure characterization techniques based on EBSD, neutron diffraction,
TEM, APT and SANS provided a consistent set of microstructure parameters of the initial micro-
structures. This parameter set serves as reference to derive thermally induced and irradiation-
induced microstructural changes and as basis to predict the mechanical properties.

- A microstructure-based equation was derived and calibrated using experimental data for an
extended set of Fe-Cr-based alloys. The equation is capable of estimating the room-temperature
yield stress of ODS Fe-Cr alloys including those selected within Task. 4.1.

- Small-punch tests indicated considerable anisotropy of the mechanical properties of the as-received
and thermally treated ODS alloys.

- No evidence of thermally induced a-a’ decomposition and possibly resulting 475°C embrittlement
was obtained. This is in agreement with the latest binary Fe-Cr equilibrium phase diagram. Long-
term medium temperature and short-term high-temperature thermal treatments provided additional
evidence about the microstructure stability and their limits in terms of EBSD/grain size, hardness and
small punch test parameters under the respective conditions. At 900 °C, the microstructure remained
stable and the hardness was mostly unaffected.

- lon-irradiation-induced changes of the microstructure and mechanical properties were observed by
TEM and nanoindentation, respectively. TEM indicated a modulation of the density of loops and
tangled dislocations as a function of depth from the surface, which correlates with the locations of
the maxima of the displacement damage and the injected interstitials. Nanoindentation shows an
inverse relationship between initial sink strength and irradiation resistance in terms of hardening.

Supplementary results obtained within Task 4.1 on the high-temperature low cycle fatigue (LCF) behavior of
a tempered martensitic 9Cr-ODS steel bar and on mechanical properties derived from small punch tests are
presented in Annexes.

Fully reversed strain-controlled LCF tests on tempered martensitic ODS Fe9Cr were conducted in air at 550
°C and 650 °C for different strain amplitudes. Apart from the higher cyclic stress levels, the steel manifests
complex cyclic softening which is significantly lower in comparison to that observed for similar non-ODS
steels. This is due to the fact that highly stable nano-oxide particles act as persistent barriers for dislocation
motion which as a consequence slows down the typical microstructural evolution realized in conventional
non-ODS steels. Microstructural evolution at 550 °C incudes mainly dislocations rearrangement and/or
annihilation which finally result in their reduced density. At 650 °C, microstructural evolution hastens and
becomes prominent mainly in nano-oxides/carbides deficient regions. Here, in addition to the reduced
dislocation density, partially eliminated original sub-grain structures, grain growth, M23Cs carbides coarsening
and occasional Cr-W enriched Laves phase precipitation were evident. The microstructural modifications,
concerning dislocation density and sub-grain structures, intensify also with increase in applied strain
amplitude. Nevertheless, annealing at 650 °C for similar duration has no major influence on microstructure.
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10 Annexes

10.1 Annex A: High-temperature LCF behavior of a tempered martensitic 9Cr-
ODS steel bar

Ankur Chauhan, Jarir Aktaa
Institute for Applied Materials-Solid and Biomechanics (IAM-WBM), Karlsruhe Institute of Technology (KIT),

Hermann-von-Helmholtz-Platz 1, 76344 Eggenstein Leopoldshafen, Germany

Al. Introduction

The report presents an overview on the contribution from KIT which includes high-temperature low cycle
fatigue (LCF) behavior of the 9Cr-ODS steel bar. The other investigations on this material by KIT can be
found in the following Refs. [1-5].

A2. Investigated material and KIT experiments

A2.1 Material

The 9Cr-ODS steel (designated herein as 9YWT-MATISSE) was developed and produced under the
supervision of CEA, France within the framework of MATISSE. The pre-alloyed metal powder, obtained from
Aubert & Duval, was mechanical alloyed with 0.25 wt.% Y203 in a dry-type attrition ball mill. The milling was
performed by Plansee in a hydrogen atmosphere for 24 h. Thereafter, the powder was sealed in a soft steel
can and hot extruded at around 1100°C. The air cooled bars, now in a ferritic state, were semi-finished in the
form of cylinders with 30 mm length and 4.2 mm diameter. These cylinders were then austenized at 1050°C
for 10 min, followed by quenching with helium gas where the cooling rate was carefully chosen (6 - 7 °C/s).
Then, a tempering treatment was performed at 750°C for 20 min, which was followed by cooling in air. The
chemical composition of the steel is shown in Table 1.

Table 1: Chemical composition (others in wt.%) of the 9YWT-MATISSE.
Element Cr w Ti Si Ni Mn C Y203 Fe

Amount 9.1 1.1 0.3 0.3 0.2 0.3 0.1 0.25 Bal.

A2.2 Experiments

For fatigue testing, a computer controlled MTS 810 servo hydraulic testing machine (with MTS flex test TM
40 controller), equipped with a radiative furnace and a high-temperature extensometer (gauge length is 7
mm), was used (see, Fig. 1). Due to the limited quantity of material, miniaturized specimen geometry, with a
gauge diameter of 2 mm and a gauge length of 7.6 mm was used, at an overall length of 27 mm (see Fig. 1).
To avoid the influence of surface quality on cyclic lifetime, specimens were axially polished. The average
surface roughness (RA) is ~ 0.26 um. The axial strain-controlled fatigue tests (nominal strain rate of 103 s,
triangular waveform, R = -1) were conducted in air at 550°C and 650°C for different strain amplitude values
ranging from + 0.4% to + 0.9%. The temperature was controlled to within £ 2°C with a type S Pt-Pt10Rh
thermocouple attached to the bottom shoulder of the specimens. Unless otherwise indicated, all stresses
correspond to the true stresses.
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Fig. 1: MTS 810 servo hydraulic testing machine with used miniaturized LCF specimen.

Microstructural characterization was carried out in both undeformed as well as deformed state by electron
backscatter diffraction (EBSD) and transmission electron microscopy (TEM). The samples from the deformed
state were prepared by cutting longitudinal platelets using a Well 3242 diamond wire saw from the gauge
section of the tested specimens. For EBSD, the longitudinally sectioned platelets were embedded, grinded,
polished (last step: 1-micron diamond suspension) and etched using a solution consisting of 400 ml Ethanol,
50 ml HCL, 50 ml HNO3 and 6 g Picric acid. EBSD investigations were carried out using a Zeiss Merlin field-
emission gun scanning electron microscope (SEM) with GEMINI Il electron optics and an acceleration
voltage of 20 keV. Kikuchi patterns were recorded with an EDAX Hikari high-speed EBSD camera and
evaluated by the OIM Analysis 7.2.1 software. For scans, a step size of 70 nm was used. During post-
processing, point with a confidence index (CI) lower than 0.1 were discarded. For the maps, a grain was
defined as a region surrounded by high-angle boundaries (HABs) with misorientations higher than 15°. All
maps are presented in a normal direction with respect to the sample surface.

For TEM samples, one or two discs were punched out from the remaining longitudinal platelets that were
grinded to a thickness of ~ 100 um. The discs were then thinned to electron transparency electrochemically
using a Tenupol 5 Jet polisher. As an electrolyte, a mixture of sulfuric acid (20%) and absolute methanol
(80%) was used at 23°C, 14-16 V and a flow rate of 38 (full scale 50). Finally, the electro-polished TEM
samples were ion milled to obtain a clean surface. The TEM study was performed with a FEI TECNAI-20F
(200 kV) TEM equipped with the high-angle annular dark-field (HAADF) detector for scanning TEM (STEM).
The elemental analysis was performed using energy dispersive X-ray (EDX) spectroscopy.

A3. KIT results and discussion

A3.1 Low cycle fatigue (LCF) response

The stress response curves (tensile peak stress versus number of cycle curves) obtained at both
temperatures under various applied strain amplitudes are shown in Fig. 2a. It is evident from the figure that
at both temperatures 9YWT-MATISSE initially manifests transitional stages, i.e. cyclic hardening (increment
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in peak stresses) and/or steep softening (reduction in peak stresses) corresponding to the small fraction of
cyclic life, which is followed by a continuous linear cyclic softening stage that occupies the major fraction of
cyclic life until failure. Except two specimens, tested at 550°C with £ 0.7% and = 0.9% strain amplitudes
which exemplify pure softening behavior, all specimens initially exhibit hardening. Here, the share of
hardening is increasing with decreasing strain amplitude, but decreasing with increase in testing
temperature. In addition, it is seen that the rate of subsequent linear cyclic softening in respect to number of
cycles decreases with decrease in imposed strain amplitude and increase in testing temperature. For 9YWT-
MATISSE, more details in respect to the measured cyclic strength, induced inelastic strains, determined
inelastic strain energies, lifetime and their corresponding correlations were reported elsewhere, see Ref.
[3,4] .
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Fig. 2: Cyclic stress response curves of 9YWT-MATISSE at 550°C and 650°C under various applied strain
amplitudes. Curve with arrow represent test condition where fatal crack nucleated outside probed gauge
length.

Upon comparison with similar non-ODS F/M steels, e.g. EUROFER97 and P91 (Fig. 3'), 9YWT-MATISSE
not only manifests higher cyclic strength and lower inelastic strain amplitude (half-width of the hysteresis loop
at zero stress) but also exhibits significantly reduced cyclic softening [3]. Furthermore, ODS steel at 650°C
manifests comparable cyclic strength and lifetime to tested non-ODS steel at 550°C (Fig. 3)

1Tests on the conventional non-ODS EUROFER97 [31] and non-ODS P91 [32] were performed on the same
type of sample, using the same test set-up.
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Fig. 3: (a) Comparison of the observed cyclic softening in 9YWT-MATISSE with that for non-ODS F/M steels
(EUROFER97 and P91) and (b) corresponding hysteresis loops at half-life (N+2) under + 0.5% strain
amplitude.

A3.2 Microstructure before cycling

Owing to the composition and heat treatments, the matrix manifests a typical isotropic sub-micron tempered
martensitic structure (Fig. 4a). The prior austenitic grains are subdivided into packets of laths and sub-grains
having high density of dense and disordered dislocation tangles (see inset in Fig. 4a). Inverse pole figure
(IPF) map (Fig. 4b) shows that the misorientation between laths and sub-grains is less than 15° (i.e. they
manifest low-angle boundaries (LABs)) with dominance below 5°. The average grain size measured via
EBSD is 0.58 um. Additionally, irregular Cr-W enriched face centered cubic (FCC) M23Cs carbides,
103 + 53 nm in diameter, and Ti-enriched particles, up to 200 nm in diameter, decorate different boundaries.
However, majority is of the complex Y-Ti-O nanoparticles that are inhomogeneously distributed (Fig. 4c).
Nevertheless, regions with homogeneous particle distribution were also observed, mostly within the grains,
which have a size distribution ranging from 2 to 25 nm. High resolution TEM (HRTEM) reveals a FCC
Y2Ti2O7 crystal structure for the examined particles. One such particle lattice along with its corresponding
inverted contrast fast Fourier transformation (FFT) diffractogram is shown in Fig. 4d. For more details, see
Ref. [2].

A3.3 Microstructure after cycling

EBSD investigations after cycling straining at both temperatures reveal no obvious overall texture evolution,
i.e. grains still manifest random orientations with no preferentiality (compare IPF maps shown in Fig. 5a-d). In
addition, at 550°C, the average grain size as well as LABs and HABs fractions are only slightly altered (Fig. 6
and Table 2). Nonetheless, with an apparent trend, the evolution becomes conspicuous at 650°C. In Fig. 5c,
the grains appear equiaxed with a prominent increment in their average size (Fig. 6 and Table 2); i.e. ~ 57%
larger than in the undeformed state. This however appears independent of the applied strain amplitude.
Futhermore, as shown in Fig. 6, the fraction of LABs decrease with a simultaneous increase in HABs fraction
(Table 2). This suggests partial elimination of the original lath and sub-grain structures, since misorientation
between them was measured to be less than 15°. This evolution amplifies with increase in applied strain
amplitude. However, it is noteworthy that the remaining sub-grain boundaries (SGBs) or LABs are partly
newly-formed due to the rearrangement (to and fro or shuttling motion) of mobile dislocations (see further).
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Fig. 4: Inverted contrast HAADF-STEM micrograph (a) from undeformed state reveals tempered martensitic
structure with laths and sub-grains having carbides at various boundaries, inset shows dense and disordered
dislocation tangles; IPF map (b) shows lath and sub-grain boundaries, LABs (<15°) in white while other
HABs (>15°) in black. HAADF-STEM micrograph (c) reveals complex Y-Ti-O nanoparticles; HRTEM
micrograph (d) with its inverted contrast FFT diffractogram revealing a FCC Y2Ti2Ov lattice near to [001] zone
axis.

Kernel average misorientation (KAM) and grain average misorientation (GAM) are used to visualize local
misorientation changes. While KAM provides a good measure of dislocation density, GAM is a typical way of
displaying orientation changes inside grains. In both cases, misorientation can be envisaged either in form of
a color-coded map or as a graph. For more details about analyzing procedure, see Ref. [4]. As shown in
Fig. 5e and i, both KAM and GAM maps for an undeformed state exhibit a homogeneous spread of relatively
high values (Fig. 7). Here, prior one (Fig. 5e) implies a presence of high dislocation density, while later one
(Fig. 5i) indicates the existence of sub-grain structures. After cycling, KAM spread reduces with a coexisting
peak shift towards lower values (Fig. 7a). This can be partly seen with an appearance of blue color (depicting
low misorientation values) in KAM map (Fig. 5f) indicating a reduction in dislocation density. This
exaggerates even further with increase in both temperature and applied strain amplitude (Fig. 5g-h and
Fig. 7a). Moreover, apart from nearly unaltered misorientation spread at 550°C, GAM shows similar trends at
650°C as observed for KAM after cyclic straining (Fig. 5j-I and Fig. 7b). Here, the fraction of grains with low
misorientation values increases with increase in both temperature and applied strain amplitude. Hence, it
appears that due to the conjoint effect of temperature and cyclic straining, these grains either formed after
dynamic recrystallization and/or experienced original sub-grain structures elimination. However,
recrystallization is not expected. Moreover, sub-grain structures elimination is also in accordance with
reduction of LABs fraction (Table 2) which is also confirmed by TEM investigations (see further).

Therefore, from the local misorientation analysis, it can be concluded that cyclic straining results mainly in a
reduction of dislocation density at 550°C and with additional partial sub-grain structure elimination at 650°C
which intensify even further with increase in applied strain amplitude.
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Undeformed

550°C, + 0.5%

650°C, £ 0.5%

650°C, £ 0.7%

Fig. 5: IPF (a-d), KAM (e-h) and GAM (i-) maps obtained by analyzing EBSD scans that were taken before
(undeformed) and after cyclic straining (550°C, + 0.5%; 650°C, + 0.5% and 650°C, + 0.7%). Color keys are
provided for each type of maps.
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Fig. 6: Graph showing average grain size as well as LABs and HABs fractions evolution upon cycling at
550°C and 650°C for two strain amplitudes (+ 0.5% and + 0.7%) via EBSD.

Table 2: Average grain size as well as LABs and HABs fractions measured before (undeformed) and after
cyclic straining (550°C, + 0.5%; 650°C, + 0.5% and 650°C, + 0.7%) via EBSD.

Condition Average grain size (um) LABs (0-15°) fraction HABs (15-65°) fraction
undeformed 0.58 0.46 0.54
550°C, + 0.5% 0.60 0.45 0.55
650°C, + 0.5% 0.91 0.40 0.60
650°C, £ 0.7% 0.90 0.36 0.64
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Fig. 7: KAM (a) and GAM (b) values distributions before (undeformed) and after cyclic straining (550°C,
0.5%; 650°C, + 0.5% and 650°C, + 0.7%).

In order to understand microstructure evolution at even higher resolution, TEM investigations were carried
out. As detailed microstructural evolution after cyclic straining was reported elsewhere [4], only brief
summary is presented here. The overall microstructures after cyclic straining under + 0.5% strain amplitude
at 550°C and 650°C are shown in Fig. 8. In general, at both temperatures, grains appear equiaxed having
sub-grain structures. Even though rarely, well defined lath structures are still perceived at 550°C (see,
pointed features in Fig. 8a). Nevertheless, at 650°C, grains appear comparatively coarse and no lath
structures could be distinguished (Fig. 8b). In addition, at both temperatures, regions of different dislocation
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densities were observed. Here, areas with lower and higher dislocation densities correspond to those with
low and high KAM values, respectively. This is likely to be a question of homogeneity of oxide particles
distribution, i.e. their presence or absence in particular grain or even within a single grain (discussed later).

Nevertheless, in almost all grains individual dislocations appear pinned at the nanoparticle-matrix interfaces
and under the effect of stresses, most of them are bowed out (Fig. 9a). Moreover, pinning is not only realized
on the arrival side of the nano-oxide particles but also on their departure sides (marked in Fig. 9b). This
suggests an attractive particle-dislocation interaction, since even after overcoming particles by cross-slip or
climb (depending upon the character of the dislocations and the nature of the particle-matrix interface)
dislocations are being pinned on the departure side of the nano-oxide particles [4]. Hence, there exists a
threshold stress to detach dislocation out of this pinning, which must be overcome for the dislocation to glide;
and therefore, plastic deformation to occur [6—9]. However, once threshold stress is reached, the dislocation
will detach and glide until new pinning (see Fig. 9a, where remnant slip traces, formed as a result of
dislocations glide, in between nanoparticles are apparent) where the process of particle by-pass and
detachment recurs. This results in a retarded dislocation’s intragranular mobility. However, in between
obstacles or in particles deficient region, dislocations can still annihilate with those of opposite signs, leading
to their reduced density. This leads to a moderately clean microstructure, as cleaner regions are mostly free
of both nanoparticles as well as dislocations [4]. And therefore, it seems that due to their obstruction free
path, since there are no particles to be pinned against, dislocations glide freely across whole grain. Hence,
both uniform nanoparticles distribution as well as lower inter-particle spacing is critical for suppressing the
annihilation processes. Furthermore, this dislocation glide can also acts as a driving force for sub-grain
boundary (SGB) elimination (Fig. 10). According to Sauzay et al. [10], mobile dislocations annihilate with
those of the opposite sign in LABs leading to the elimination of the corresponding lath and sub-grain
boundaries. In addition, knitting-out reactions could also cause SGBs dissolution, for more see Refs.
[4,11,12].

Fig. 8: Inverted contrast HAADF-STEM micrographs showing microstructures after testing under + 0.5%
strain amplitude at (a) 550°C and (b) 650°C.
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Fig. 9: Inverted contrast HAADF-STEM micrographs showing microstructures after testing at 650°C under (a)
+ 0.5% and (b) + 0.7% strain amplitudes.

Fig. 10: Inverted contrast HAADF-STEM micrographs showing microstructures after testing at 650°C under +
0.7% strain amplitude with marked partially eliminated sub-grain boundaries.

In respect to the present precipitates, carbides appear coarsened particularly after cycling at 650°C. This
coarsening is especially seen for those which are still in contact with boundaries. The evident coarsening
occurs through: (1) diffusion of alloying elements from matrix towards boundaries which additionally act as
short-circuit diffusion networks; and (2) coalescence through Ostwald ripening mechanism. This coarsening
altogether not only degrades one source of strength (i.e. solid solution strengthening) but can also compel
carbides to lose their ability of pinning boundaries [13] which might explain observed grain coarsening that
leads to equiaxed grains and also possible SGBs migration. Nonetheless, this can also be attributed to the
localized pinning-sources (carbides or Y-Ti-O nanoparticles) free boundary-segments migration, which
otherwise could have remained pinned, as shown in Fig. 11, due to Zener drag effect. Furthermore, EDX
analysis (see [4]), reveals the presence of carbon free Cr-W enriched phase which is commonly referred to
as Laves phase (WCrz) [14,15]. Though seen seldom, the formation of Laves phase can be due to the
presence of Si which reduces the solubility of W in the matrix [16] and their segregation on or near to the
boundaries finally weaken the effect of solid solution strengthening [17]. However, considering the short
durations of LCF tests, this effect can be neglected. As according to Klueh [18] for the short-time creep tests
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(£10,000 h), the W still contributes to the solid solution strengthening, even though Laves removes W from
solution. Moreover, during early stages of such tests, the precipitation hardening by Laves phase contributes
to the strength, which subsequently decreases as a result of coarsening of the Laves phase particles [14].
Besides, Y-Ti-O nanoparticles and carbides were not sheared by dislocations which otherwise could have
contributed to the cyclic softening [19]. Shearing is possible only if particles are coherent with the matrix
which was not observed for the dispersoids and the carbides, respectively. Finally, the Y-Ti-O nanoparticles
appeared very stable without any change in shape or size.

Fig. 11: Inverted contrast HAADF-STEM micrograph, taken from the specimen tested under + 0.7% strain
amplitude at 650°C, showing grain boundary portion pinned by carbide and slightly migrated portion without
carbide.

Hence, from the TEM investigations it can be concluded that the minor linear cyclic softening observed in
9YWT-MATISSE is mainly due to the rearrangement and/or annihilation of dislocations at 550°C. Whereas,
at 650°C, due to additional synergistic effect of partially eliminated original sub-grain structures, grain growth,
and M23Cs carbides coarsening. It is also observed that the microstructural modifications, concerning
dislocation density and sub-grain structures, intensified even further with increase in applied strain
amplitude, for this see Ref. [4]. This is due to the fact that under such conditions larger inelastic strain has to
be accommodated per cycle than under lower applied strain amplitude. And therefore, a higher degree of
softening is observed with increase in applied strain amplitude.

A4. Conclusions

The fully reversed strain-controlled LCF tests conducted on tempered martensitic Fe-9%Cr-based ODS steel
in air at 550°C and 650°C under different strain amplitude values led to the following conclusions:

1. Besides higher peak stresses and thus lower inelastic strain amplitudes, oxides dispersion assists in
mitigating the undesirable cyclic softening observed in conventional F/M steels. This is due to fact
that highly stable nano-sized oxide particles act as persistent barriers for dislocation motion which
consequently reduce/slows-down the typical microstructural degradation. However, cyclic straining
assisted by thermal activation as well as inhomogeneous nanoparticles distribution result in similar
microstructural changes as those observed in non-ODS matrix steels, but to a lesser extent.

2. The studied ODS steel at 650°C manifests comparable cyclic strength and lifetime to tested non-
ODS F/M steels at 550°C. Hence, concerning LCF, oxide dispersion raises the limited operating
temperature of conventional non-ODS F/M steels by at least 100°C.

3. EBSD complemented by TEM investigations were performed to delineate microstructural evolution
after cyclic straining. At 550°C, microstructure appears similar to that of the undeformed state.
However, the main differences are in respect to the dislocations rearrangement and/or annihilation
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which finally results in their reduced density. At 650°C, microstructural evolution hastens and
becomes prominent mainly in nano-oxides/carbides deficient region. Here, in addition to the reduced
dislocation density, partially eliminated original sub-grain structures, grain growth, M23Ce carbides
coarsening and Cr-W enriched Laves phase precipitation were also evident. The microstructural
modifications, concerning dislocation density and sub-grain structures, intensify even further with
increase in applied strain amplitude. Nevertheless, annealing at 650°C for comparable testing
duration causes no noticeable microstructural changes [4]. Since modest cyclic softening persists at
both investigated temperatures, out of all microstructural changes the dislocations rearrangement
and/or their mutual annihilation are assumed to be the main cause for the loss of cyclic strength.
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10.2 Annex B: Small punch and tensile test results on ODS-9Cr and ODS-
14Cr

E. Altstadt and M. Houska
Helmholtz-Zentrum Dresden-Rossendorf

B1 Introduction

Within Task 4.1 of the FP7-MATISSE project, HZDR performed small punch tests on two ODS materials with
9 and 14 wt% Cr. In addition, mini tensile tests from room temperature up to 700 °C were performed on the
9Cr-ODS material.

B2 Experimental
B2.1 Material

The Fe-9Cr ODS bar is an extruded bar in the ferritic state. The chemical composition in (wt%) is: 9.1 Cr,
0.19Y, 0.2 Ti, 0.29 Mn, 0.2 Ni, 0.23 Si, 1.05 W2. The tests were done on the as received condition and after
a heat treatment at the HZDR lab. The heat treatment included a homogenisation at 1050 °C / 30 min with a
subsequent quenching in oil. The cooling rate was sufficiently high (> 10 K/s) in order to obtain a martensitic
structure. Finally, a tempering at 750 °C /1 h was performed. In this report, the as received material is
denoted as 9Cr-ODS-A and the heat treated material as 9Cr-ODS-B. The microstructures are shown in
Figure 1. The average hardness is HV10 = 271 for 9Cr-ODS-A and HV10 = 302 for 9Cr-ODS-B.

0DS_sngel_0212

R - N
;_Anfieferungszustand_0411 Mag= 1000KX EMT=1000KV . ooy X
11 Dac 2014 WOD=70mm  Signal A=NTS BSD 14 — 17 Dec 2014

Figure 1: Microstructure of 9Cr-ODS-A (left) and 9Cr-ODS-B (right)

The 14Cr ODS bar was supplied by CEA within the GETMAT project (the code for this material was J27-M2).
The consolidation of the pre-alloyed powder was carried out by hot extrusion at 1100 °C. Finally, the
manufactured bars were annealed at 1050 °C for 1.5h. The average chemical composition obtained on the
final material was (in wt%) 13.5 Cr, 0.22 Y, 0.9 W, 0.4 Ti, 0.27 Mn and 0.32 Si. The microstructure of the
14Cr ODS bar shows an elongated-grain structure parallel to the extrusion direction. In the longitudinal
plane, the material exhibits a bimodal grain size distribution, in which the smallest grains have a distribution
ranging from 0.1 to 3.0 microns, whereas the largest and more elongated grains have sizes between 3.0 and
9.0 um. In the transverse plane a more uniform distribution of grain size is observed, with a mean length of
432 + 55 nm [1]. The Vickers hardness is HV10 ~ 380 [2]. In this report, the material is denoted as 14Cr-
ODSs.

2 Personal communication Y. de Carlan - C. Heintze
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B2.2 Small punch tests and tensile tests

The SP sample geometry is 10 x 10 x 0.5 mm3 for the 14Cr-ODS bar and 9 x 9 x 0.5 mm? for the 9Cr-ODS
bar. The areal dimension is not important as the samples are fully clamped during the test. The SPT
specimens were cut from the bars by EDM with a thickness of 0.54 mm and ground to the final thickness of
0.5 + 0.005 mm with grit 1200. The diameter of the receiving hole is 4.0 mm with an edge radius of 0.5 mm
and the diameter of the hemispherical puncher is 2.5 mm. The cutting schemes are shown in Figure 2 and
Figure 3. All samples are L-oriented, i.e. the normal of the disc coincides with the extrusion direction. This
orientation represents the properties in the RC plane (R - radial, C — circumferential direction), cf. [3].

Small punch tests were performed in the temperature range from -193 °C up to +22 °C for both materials.
The loading rate was 0.5 mm/min (puncher displacement).

2Lx Miniflachzugprobe

k—Randzone (kein 0DS)

10x10x62 mm Rohling fir Proben
! lonenbestrahlung/SPT/SANS/EBSD/REM/EDX

Figure 2: Cutting scheme for SP and tensile samples from the 9Cr-ODS bar

16,5

(2,5)

Randzone

in SPT-Scheiben
10x10x0.54mm auftrennen

Figure 3: Cutting scheme for SP samples from the 14Cr-ODS bar

Tensile tests were performed for the as received condition and the heat treated condition of the 9Cr-ODS.
The test temperatures are 22, 300, 400, 500, 600 and 700 °C. The strain rate was ~10%/s. At least 3 tests
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per temperature and condition were performed. The geometry of the tensile specimens is shown in Figure 4.
The specimens are L-oriented, i.e. along extrusion direction. The engineering stress-strain curves were
corrected in such a way that the linear-elastic slope agrees with the expected elasticity modulus. The
underlying equation is:

g, =8| -1 |5 Eq1
corr meas E E (T) meas q

meas

where the overbar indicates nominal stress and strain. Emeas iS the linear-elastic slope of the measured data
(obtained by linear regression) and E(T) is the target elasticity module at the test temperature. The following
E(T) values for the P91 steel (Table 1) were taken as basis [4,5].

Table 1: Elasticity module of P91

T (°C) -180  -150  -100 -50 20 100 200 300 400 500 600 700

E 221 220 218 216 210 203 194 186 178 165 151 127
(GPa)

The geometry of tensile specimens exhibits a proportional gauge length, i.e. the slimness ratio (gauge length
over square root of cross section) is L,/,/S, =5.65. Thus a conversion of the elongation according to
EN ISO 2566-1 is not applicable.

L 2
450
= = I
j +—\ <7
L s
| 2R0 14 0[01
2 & 2 o
i o

Figure 4: Geometry of the mini tensile specimens

The tensile properties of the 14Cr-ODS are reported in [1].
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B3 Results

B3.1 SP test results

Averaged load-displacement curves for 9Cr-ODS are shown in Figure 5. The averaging procedure is
explained in the appendix. Each averaged curve was obtained from three single tests. At room temperature
(RT), the heat treatment causes a significant reduction of the displacement at maximum load um., while the
maximum load Fm is only slightly affected. In contrast to this, a significant reduction of um and Fm is observed

at 350 °C.

Figure 5: Averaged load-displacement
curves for 9Cr-ODS for RT and 350 °C
in the as received (A) and the heat
treated (B) condition

2500 —Avg RT A (22°C)
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== Avg 350 B (349°C)

2000

1500

________
.-
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1000

500

0.0 0.5 1.0 1.5 2.0
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The ductile-to-brittle transition temperature (DBTT) of the SP test, Tsp, is evaluated from the temperature
dependence of the small punch energy. The energies were calculated from the load-displacement curves up
to displacement at maximum load (um). A two curve fitting procedure was applied, one curve for the brittle
(transition) range and one curve for the ductile range [6]. The results for all materials are shown in Figure 6
to Figure 8. The following SP DBTTs were obtained: Tsp =-138 °C for 9Cr-ODS-A, Tsp =-100 °C for 9Cr-
ODS-B, and Tsp = -113 °C for 14Cr-ODS.

3000
2500 | * e
E i *
— 2000 | ~— ) o _
1 i -~ Figure 6: Determination of the ductile
@ 1500 % * to brittle transition temperature Tsp for
w the as received condition of the 9Cr-
8 1000 | oDs
ke -
500 | e Tsp=-138 °C
0

-300  -200 -100 0 100 200 300 400

Temperature (C)
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The yield stresses are estimated by means of the empirical correlation Rpoz = Bys K, /h? for each SP test.

The transition load Fe is determined by a bilinear fit procedure [6]. We used us = 0.5 mm as upper fitting
displacement. The factor Bvys = 0.49 was taken over from a study on T91 steel [6]; h is the initial specimen
thickness. The results are shown in Figure 9 to Figure 11.
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8 600 | "‘\3\_‘_ ¢ | obtained from SP tests on 9Cr-ODS,
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T 400
g . Rpoz2(MPa) = 566+545-exp[-
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B3.2 Tensile properties for 9Cr-ODS from tensile tests

Figure 10: Yield stress vs. temperature
obtained from SP tests on 9Cr-ODS,
heat treated condition, with fitting
curve:

Rpoz(MPa) = 621+358-exp[-
0.0022-T(K)]

Figure 11: Yield stress vs. temperature
obtained from SP tests on 14Cr-ODS
with fitting curve:

Rpo2(MPa) = 719+596-exp]-
0.0038-T(K)]

The results of the tensile tests are summarized in Figure 12. The tensile properties are listed in Table 2. In
the as received condition (9Cr-ODS-A), a Liuders strain is observed for temperatures up to 400 °C. This is
not the case for the heat treated condition (9Cr-ODS-B). The total elongation exhibits a minimum at 400 °C

in both conditions.
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Figure 12: Tensile results for the 9Cr-ODS in the as received (a-c) and the heat treated condition (d-f);
averaged stress-strain curves for different temperature (a, d); dependence of Rpo.2 and Rm on temperature (b,
e); dependence of Ag and A: on temperature (c, f)

Table 2: Tensile properties measured by mini tensile specimens

9Cr-ODS as received 9Cr-ODS heat treated
T Rpo.2 Rm (MPa) Ag At Rpo.2 Rm (MPa) Ag At
(°C) (MPa) (%) (%) (MPa) %) (%)
RT 752 908 10.6 24.8 978 1054 0.037 15.4
300 633 774 8.9 20.0 859 912 0.023 11.9
400 604 725 7.3 16.7 806 843 0.019 10.7
500 515 567 7.6 24.5 655 684 0.015 17.1
600 371 377 5.4 31.9 390 423 0.025 28.6
700 217 252 9.4 30.2 213 243 0.060 33.5
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B4 Discussion

The comparison of the yield stresses of all materials obtained from the SP tests in the temperature range
from -193 ... +350 °C is shown in Figure 13. The tensile properties obtained from tensile tests in the
temperature range from RT up to 700 °C are shown in Figure 14 to Figure 16. The results for 14Cr-ODS
were taken from [1].
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The SP based yield stresses are reasonable estimations in the sense that the hardening of 9Cr-ODS due to
the heat treatment is clearly visible and that the order of materials with respect to increasing YS (9Cr-ODS-A,
9Cr-ODS-B, 14Cr-ODS) is the same as in the tensile test based results. However, the absolute YS values
from the SP tests are systematically lower compared to the tensile test values in the overlapping temperature
range. Obviously the empirical correlation factor (Bys = 0.49), obtained for T91 steel [6], is not the optimum
for the ODS alloys in this work.

As for the ductility of the ODS alloys, a minimum of the total elongation was observed at 400 °C for 9Cr-ODS
in both conditions while the a steady decrease up to 700 °C was observed for 14Cr-ODS [1], cf. Figure 16.

The DBTTs obtained from SP tests can be converted into Charpy transition temperatures [7]. The
conversions factor for our test set-up (a =0.42) was obtained based on results for a T91 steels [6]. The
DBTTs are listed in Table 3. For the 9Cr-ODS, the heat treatment leads to a significant increase of the
DBTT. The DBTT of the 14Cr-ODS is in between those of 9Cr-ODS-A and 9Cr-ODS-B. This coincides with
the order of total elongation from the tensile test in the temperature range up to 400 °C (Figure 16), i.e. the
higher the total elongation the lower the DBTT.

Table 3: Transition temperatures obtained from the SP test

9Cr-ODS as received 9Cr-ODS heat treated 14Cr-ODS
Tsp (°C) -138 -100 -113
Tewn (°C) * +50 +138 +109

* Recalculated from Tsp[K]=0.42*Tcun[K]

For the 14Cr-ODS, KLST impact test results are available [2]: the DBTT is Tkist =-20 °C for the orientation
LR and Tkwst = +100 °C for orientation RL. This corresponds to Charpy DBTTs of Tcwn = +45°C  and
Tcwun = +165 °C [8]. Thus, the SP based DBTT (L-oriented specimens) is slightly lower than the KLST based
DBTT in the crack divider configuration (orientation RL) and significantly higher than the KLST based DBTT
in the crack arrester configuration (orientation LR), cf. [3,9].

B5 Conclusions

For the 9Cr-ODS, the heat treatment leads to an increase of the DBTT and of the yield stress. The total
elongation exhibits a minimum at 400 °C for 9Cr-ODS in both conditions while a steady decrease up to
700 °C was observed for 14Cr-ODS. Even though the 14Cr-ODS has a higher yield stress than the 9Cr-
ODS-B, the DBTT of the 14Cr-ODS is slightly lower than the one of 9Cr-ODS-B.
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