Scientific Report on the CCEM Project entitled:
Platform for High Temperature Materials (PHITEM)

1. Current state of the project

The three-years PHITEM project was started on October 01, 2006, on the basis of a proposal made
by three partners: EPFL-CRPP, PSI-NES-LWV, EMPA-Thun. It is aimed at acquiring experimental
devices, manpower and competences allowing for multiscale characterization of advanced high-
temperature materials, including irradiated, i.e., radioactive ones. All selected devices (a Focused
lon Beam, a nano-indenter, a nano-indentation device, and a Dual-Beam FIB prototype) have been
purchased, installed and are now fully operational. The needed technician has been hired. R&D
activities using the acquired devices have been launched, and a wide number of important scientific
results have been already obtained, which gave rise to a large number of publications in peer-
reviewed journals. The milestones of the project had been defined as the following:

t,+12 months: Installation of all devices completed.

t,+24 months: Preliminary evaluation of candidate procedures for characterizing
inactive and radioactive materials using the new installed devices.

t,+36 months: Setting up of optimal procedures for obtaining quantitative correlations
between microstructure damage (stress-, temperature-, irradiation- and/or
environment-induced), and local mechanical response for inactive and radioactive
materials with the combined use of a nano-indentor and a FIB.

t,+36 months: First results about the characterization of inactive and radioactive
materials of ferritic/martensitic steels (with and/or without dispersoids) with the
combined use of a nano-indentor and a FIB.

All these milestones have been achieved in 2008 already. Examples of recent achievements are
presented below. Scientific activities will be pursued extensively in 2010 and beyond.

2. Main achievements
2.1 About the overall project

The four experimental devices, to be acquired within the CCEM project, have been purchased,
installed, tested, and became fully operational in summer 2007. The focused ion beam (FIB) has been
installed in the controlled area of building ODGA at the PSI. A laboratory assistant, destined to operate
the FIB device, has been hired by the CRPP-EPFL. She started to work at the PSI on October 01,
2007. The nano-indenter has been installed in the Hot Laboratory at the PSI. These two devices may
be used for investigating radioactive as well as inactive specimens. Sharing of the current and future
expenses related to the use of the FIB device and not covered by the CCEM project has been
evaluated and presented to the main users at the end of 2007. At the EMPA in Thun a nano-
indentation device for a scanning electron microscope (SEM) as well as a Dual-Beam FIB prototype
have been installed, instead of the originally planned nano-indenter stage and ion source items,
because additional industry funding through collaboration with instrument manufacturers became



available. A detail description of the two instruments, including design and capabilities, was published
recently (R. Ghisleni, K. Rzepiejewska-Malyska, L. Philippe, P. Schwaller, and J. Michler, ‘In-situ SEM
indentation experiments: instruments, methodology and applications’, Microscopy Research and
Technique (2008) 72 (2009) 242-249).

As a result of an agreement between the three partners, it was decided that the FIB and the nano-
indenter will be the property of the PSI, while the nano-indentation device for a scanning electron
microscope and the Dual-Beam FIB prototype will be the property of the EMPA.

2.2 Recent scientific results
2.2.1 About the use of the FIB device at the PSI

The FIB device is being used full time by a wide number of institutional and industrial partners for
preparing and characterizing several types of sample, such as transmission electron microscopy
(TEM) specimens and micro-pillars, from a variety of materials, including pure metals, alloys and semi-
conductors. Examples of the use of the FIB device in 2009 for preparing and characterizing samples
from a variety of materials are shown in Figure 1.
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Figure 1: Examples of the use of the FIB device at the PSI in 2009 for preparing and characterizing
samples from materials other than the ones mentioned below.



Apart the cases reported in Figure 1, examples of the use of the FIB device in 2009 for the
characterization of a tungsten-base material and a zirconium-base alloy and for the irradiation and
characterization of ultra-high purity (UHP) Fe are described hereafter.

Tungsten-base material: A W-1.7wt.%TiC material for structural and/or functional high-temperature
applications in fusion power reactors has been manufactured by conventional powder metallurgy
methods including mechanical alloying of elemental powders in an argon atmosphere for 10 hours and
compaction of the powders by hot isostatic pressing at 1350C for 3 hours under a pressure of
200 MPa. The SEM function of the FIB device has been used for identifying nano-sized features that
are invisible in conventional SEMs. It was observed in particular that the W-1.7wt.%TiC material
contains some residual porosity and exhibits a bimodal grain size distribution (Figure 2). The mean
grain size ranges from 10 to 50 nm. The regions containing smaller grains are richer in TiC particles
that appear distributed homogenously inside the tungsten matrix. Larger grains contain a
heterogeneous distribution of TiC particles.

Figure 2: FIB/SEM image of a W-1.7wt.%TiC material using a magnification of 10'000 times and
the QBSD detector.

Zirconium-base alloy: The FIB device was also used for preparing TEM and X-ray specimens from the
metal-oxide interface in a Zr-2.5%Nb cladding segment of a fuel rod that has been irradiated in a
pressurized water reactor and in a non-irradiated Zr—2.5%Nb tube section that has been oxidized in an
autoclave (reference material), as shown in Figure 3.




Figure 3: Electron and X-ray microscopic results for the neutron irradiated (left column) and the
non-irradiated autoclaved reference (right column) Zr—2.5%Nb materials: (a, b) SEM images of the
sample windows manufactured by FIB, and (c, d) corresponding high-resolution 2D STXM images
recorded at the Zr K-edge. The positions within the metal (M or M, | for irradiated) and the oxide (O
or Ol, | for irradiated) parts of the interface at which micro-XAS investigations (SLS-PSI) have been
conducted are also shown.

UHP Fe: More fundamental studies were also performed using the FIB device. For instance, it was
attempted to produce irradiation-induced defects in UHP Fe by using the Ga ions generated by the
FIB device. For this purpose a thin specimen was prepared from UHP Fe by mechanical and
electrolytical polishing methods. By using the SRIM software the irradiation time needed to reach an
accumulated damage of 0.3 dpa using a 30 KV and 3 nA Ga ion beam was determined to be 5 min for
a region of 20x30 m?. Then, the specimen was submitted to the FIB and regions of 20x30 m? at the
edge of the central hole, which are transparent to electrons, were irradiated with Ga ions. The
irradiated specimen was then examined using TEM. Figure 4 shows TEM images of UHP Fe before
and after Ga ion irradiation to 0.3 dpa. Following irradiation black dots can be seen, which could be
irradiation-induced nano-sized vacancy clusters and/or dislocation loops. A significant amount of
defects decorating the dislocation lines can be also seen. In a further step the interaction of mobile
dislocations with the irradiation-induced defects will be studied by TEM in situ straining.

Figure 4: TEM images of a specimen of UHP Fe, (left) before and (right) after irradiation with Ga
ions in the FIB device to 0.3 dpa.



2.2.2 About small specimen test technology

Only very small specimens are usually irradiated in the current irradiation facilities (fission reactors,
accelerator-based facilities) for three main reasons: (1) only small irradiation volumes are usually
available, (2) only small specimens can be usually irradiated in a homogeneous way, and (3) small
specimens are preferred to minimize their eventual irradiation-induced radioactivity. Examples of the
use of small specimen test technology in 2009 for the characterization of single crystalline tungsten,
an oxide dispersion strengthened (ODS) ferritic steel and a tempered martensitic steel, are described
hereafter.

Single crystalline tungsten: The influence of specimen size and geometry on the yield strength of
single crystalline tungsten has been investigated. Micro-pillars of various size and geometry and wall-
like structures of different length to width ratio were prepared using a FIB device and deformed in
compression, in situ in a SEM, by using a nano-indenter. It was found that the yield strength is
determined by the smallest dimension of the structure (Figure 5), i.e., the wall width in the case of
wall-like structures, the length of the wall making little or no difference. Therefore, only the thinnest
dimension of a specimen needs to be reduced to obtain improved properties, which has important
practical implications.

Figure 5: Proportional yield stress, y, plotted as a function of 1/ (longest horizontal specimen
dimension). Data are grouped according to the smallest dimension value. Least squares trend lines
plotted for each group intersect the trend line for symmetrical structures.

ODS ferritic steel: The effects of ion irradiation on the mechanical properties of the commercial ODS
ferritic steel PM2000 in the annealed condition have been investigated. Microscopic observations
showed that the mean size of the grains is equal to 10°x10°x(>10") nm®, while the mean size of the
yttria particles is equal to 28 nm. Micro-pillars were prepared from the PM2000 ODS ferritic steel by
using a FIB device. The micro-pillar diameter was kept constant at 1 nm, with a diameter to height
ratio of 1:3, so that the whole pillar volume is uniformly damaged during irradiation. The micro-pillars
were irradiated at room temperature with 1.5 MeV *He*" ions to a fluence of 5.6x 0'® ions/cm? by using
incident angles ranging from 0 to 66 degrees. The incident angle was varied in order to obtain a
uniform damage depth profile. In particular, the damage as a function of depth ranged from 0.7 dpa at
1 mm from the surface to about 1.3 dpa at 2.5 m from the surface. Unirradiated and irradiated micro-
pillars were deformed in compression, in situ in a SEM, by using a nano-indenter. Figure 6 shows
pictures of an unirradiated micro-pillar and an irradiated micro-pillar before and after compression
along a <111> direction. The load-displacement responses for both micro-pillars shown in Figure 6 are
presented in Figure 7, while the results of five compression tests on unirradiated and irradiated micro-
pillars are reported in Table 1. It can be seen in Figure 7 and Table 1 that irradiation leads to an
increase in yield strength, i.e., to radiation hardening, while the ductility (total elongation) of the




material remains very high. These results are in good agreement with results of indentation
experiments and micro-tensile tests.

Figure 6: SEM images of (a, b) unirradiated and (c, d) irradiated micro-pillars from the annealed
PM2000 ODS ferritic steel, (a, c) before and (b, d) after compression tests.

Figure 7. Typical load-displacement curves for unirradiated and irradiated micro-pillars from the
annealed PM2000 ODS ferritic steel.

Specimen state |Yield stress [MPa] Hardening Coeffic  ient
Unirradiated 645 + 45 0.04 - 0.12
Irradiated 775+ 35 0.11-0.16

Table 1: Mean results of five compression tests on unirradiated and irradiated micro-pillars from the
annealed PM2000 ODS ferritic steel.



Tempered martensitic steel: The mechanical properties of two plates of the 9CrwVTa tempered
martensitic steel Eurofer 97, which is the reference material for structural applications in fusion power
reactors, have been investigated. Two types of tests were performed using the nano-indenter at the
PSI: Vickers micro-hardness tests and compression tests on micro-pillars using a flat tip. The two
plates were respectively the as-received material and a 10% cold-rolled small plate. The cross cold-
rolling was done in order to harden the material in a way similar to neutron irradiations; in other words,
the cold rolling is supposed to simulate to some extend the neutron irradiation effects on the plastic
flow properties and subsequently the degradation of the fracture properties. Both the Vickers micro-
hardness and micro-pillar compression tests were carried out to assess the homogeneity of the
deformation introduced in the cold-rolled plate by measuring locally the hardness and plastic flow
properties deduced from the micro-pillar deformations.

In order to estimate the level of equivalent plastic strain in the cold-rolled plate, Vickers micro-
hardness tests were performed on pre-deformed tensile specimens that were cut in the middle of the
gage length. The evolution of the Vickers micro-hardness with the plastic strain all along the true
stress-strain curves at room temperature of the Eurofer 97 steel is shown in Figure 8.
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Figure 8: Vickers micro-hardness variation along the true stress-strain curves at room temperature
of the Eurofer 97 steel.

Vickers micro-hardness tests were done at different locations through the cold-rolled plate thickness,
as shown in Figure 9. Three specimens were cut and readied for micro-hardness testing; for each
specimen the measurements were performed in the middle of the plate and at about 5 mm below the
surfaces.
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Figure 9: Schematic view showing where the Vickers micro-hardness tests in the Eurofer 97 cold-
rolled plate were done.



In Figure 10 (left) it can be seen that the micro-hardness is relatively independent of the depth in the
specimen No. 0, i.e., the specimen close to the edge of the plate. This indicates that the strain
hardening introduced by the cold rolling is reasonably homogeneous at this location. On the contrary,
in the middle of the plate a stronger thickness dependence was measured (see Figure 10, right).
Hence, tensile and fracture specimens were extracted from the region corresponding to the interface
between the specimens No. 0 and No. 1, i.e., from the region where the inhomogeneity in deformation
appears the smallest.
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Figure 10: Vickers micro-hardness through the thickness of the cold-rolled plate for the specimens
No. 0 and No. 2 (see Figure 9).

From the micro-hardness data and the evolution of the micro-hardness with plastic strain, it was
estimated that the plate has been pre-deformed by about 10% equivalent plastic strain. This
corresponds to a hardening of the order of 150 MPa accompanied with a significant reduction of the
strain-hardening capacity, which may constitute a good simulation of neutron irradiation effects on the
plastic flow properties. However, in order to get a better and more direct evaluation of the plastic flow
properties of the cold-rolled material, micro-pillars will be machined using the FIB at the PSI and
deformed in compression using a flat indenter mounted on the nano-indenter at the PSI. For the time
being, two types of micro-pillars were prepared from the as-received Eurofer 97 steel, namely
parallelepiped and cylindrical (Figure 11), and tested. The dimensions of the micro-pillars were
typically 10 um in height with a diameter to height ratio of about 0.5. Some true stress-strain curves
obtained with those micro-pillars are reported in Figure 12 along with a reference tensile curve of the
Eurofer 97 steel in the as-received condition. Despite some discrepancy between the curves provided
by the micro-pillars, intrinsic to this type of ultra small specimens, the results are quite representative
of the plastic flow curve determined with a standard tensile specimen. Micro-pillars are currently being
machined from the cold rolled plate using the FIB at the PSI.



Figure 11: FIB/SEM images of micro-pillars machined from the as-received Eurofer 97 steel using
the FIB device at the PSI.
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Figure 12: True stress-strain curves for micro-pillars from the as-received Eurofer 97 steel, along
with a reference curve obtained using a standard tensile specimen.
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5. Industrial and institutional partners

In addition to the three original partners, a wide number of industrial and institutional entities have
already used the devices acquired within this CCEM project, in particular the FIB device located at the
PSI. These include:

Institutional partners:

EPFL: CRPP, CIME

PSI: NES-LWV, GFA-ASQ, GFA-SLS, SYN-LMN
EMPA-Thun

EMPA Dibendorf

CERN

CNRS, France

Forschungszentrum Karlsruhe (FZK/KIT), Germany

Industrial partners:
ABB
GLOOR Instruments




6. Summary

Only very small specimens are usually irradiated in the current irradiation facilities (fission reactors,
accelerator-based facilities) for three main reasons: (1) only small irradiation volumes are usually
available, (2) only small specimens can be usually irradiated in a homogeneous way, and (3) small
specimens are preferred to minimize their eventual irradiation-induced radioactivity. Examples of the
use of a FIB device and/or a nano-indenter in 2009 for the characterization of single crystalline
tungsten, an oxide dispersion strengthened (ODS) ferritic steel and a tempered martensitic steel, are
described hereafter.

Single crystalline tungsten: The influence of specimen size and geometry on the yield strength of
single crystalline tungsten has been investigated. Micro-pillars of various size and geometry and wall-
like structures of different length to width ratio were prepared using a FIB device and deformed in
compression, in situ in a SEM, by using a nano-indenter. It was found that the yield strength is
determined by the smallest dimension of the structure (Figure 1), i.e., the wall width in the case of
wall-like structures, the length of the wall making little or no difference. Therefore, only the thinnest
dimension of a specimen needs to be reduced to obtain improved properties, which has important
practical implications.

Figure 1: Proportional yield stress, y, plotted as a function of 1/ (longest horizontal specimen
dimension). Data are grouped according to the smallest dimension value. Least squares trend lines
plotted for each group intersect the trend line for symmetrical structures.

ODS ferritic steel: The effects of ion irradiation on the mechanical properties of the commercial ODS
ferritic steel PM2000 in the annealed condition have been investigated. Microscopic observations
showed that the mean size of the grains is equal to 10°x10°x(>10") nm®, while the mean size of the
yttria particles is equal to 28 nm. Micro-pillars were prepared from the PM2000 ODS ferritic steel by
using a FIB device. The micro-pillar diameter was kept constant at 1 nm, with a diameter to height
ratio of 1:3, so that the whole pillar volume is uniformly damaged during irradiation. The micro-pillars
were irradiated at room temperature with 1.5 MeV *He*" ions to a fluence of 5.6x 0'® ions/cm? by using
incident angles ranging from 0 to 66 degrees. The incident angle was varied in order to obtain a
uniform damage depth profile. In particular, the damage as a function of depth ranged from 0.7 dpa at
1 mm from the surface to about 1.3 dpa at 2.5 m from the surface. Unirradiated and irradiated micro-
pillars were deformed in compression, in situ in a SEM, by using a nano-indenter. Figure 2 shows
pictures of an unirradiated micro-pillar and an irradiated micro-pillar before and after compression
along a <111> direction. The load-displacement responses for both micro-pillars are presented in
Figure 3. It can be seen that irradiation leads to an increase in yield strength, i.e., to radiation
hardening, while the ductility (total elongation) of the material remains very high. These results are in
good agreement with results of indentation experiments and micro-tensile tests.
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Figure 2: SEM images of (a, b) unirradiated and (c, d) irradiated micro-pillars from the annealed
PM2000 ODS ferritic steel, (a, c) before and (b, d) after compression tests.

Figure 3: Typical load-displacement curves for unirradiated and irradiated micro-pillars from the
annealed PM2000 ODS ferritic steel.

Tempered martensitic steel: The mechanical properties of two plates of the 9CrwVTa tempered
martensitic steel Eurofer 97, which is the reference material for structural applications in fusion power
reactors, have been investigated. Two types of tests were performed using the nano-indenter at the
PSI: Vickers micro-hardness tests and compression tests on micro-pillars using a flat tip. The two
plates were respectively the as-received material and a 10% cold-rolled small plate. The cross cold-
rolling was done in order to harden the material in a way similar to neutron irradiations; in other words,
the cold rolling is supposed to simulate to some extend the neutron irradiation effects on the plastic
flow properties and subsequently the degradation of the fracture properties. Both the Vickers micro-
hardness and micro-pillar compression tests were carried out to assess the homogeneity of the
deformation introduced in the cold-rolled plate by measuring locally the hardness and plastic flow
properties deduced from the micro-pillar deformations.
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In order to estimate the level of equivalent plastic strain in the cold-rolled plate, Vickers micro-
hardness tests were performed on pre-deformed tensile specimens that were cut in the middle of the
gage length. The evolution of the Vickers micro-hardness with the plastic strain all along the true
stress-strain curves at room temperature of the Eurofer 97 steel is shown in Figure 4.
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Figure 4: Vickers micro-hardness variation along the true stress-strain curves at room temperature
of the Eurofer 97 steel.

From the micro-hardness data and the evolution of the micro-hardness with plastic strain, it was
estimated that the plate has been pre-deformed by about 10% equivalent plastic strain. This
corresponds to a hardening of the order of 150 MPa accompanied with a significant reduction of the
strain-hardening capacity, which may constitute a good simulation of neutron irradiation effects on the
plastic flow properties. However, in order to get a better and more direct evaluation of the plastic flow
properties of the cold-rolled material, micro-pillars will be machined using the FIB at the PSI and
deformed in compression using a flat indenter mounted on the nano-indenter at the PSI. For the time
being, two types of micro-pillars were prepared from the as-received Eurofer 97 steel, namely
parallelepiped and cylindrical ones (Figure 5), and tested. The dimensions of the micro-pillars were
typically 10 um in height with a diameter to height ratio of about 0.5. Some true stress-strain curves
obtained with those micro-pillars are reported in Figure 6 along with a reference tensile curve of the
Eurofer 97 steel in the as-received condition. Despite some discrepancy between the curves provided
by the micro-pillars, intrinsic to this type of ultra small specimens, the results are quite representative
of the plastic flow curve determined with a standard tensile specimen. Micro-pillars are currently being
machined from the cold-rolled plate using the FIB at the PSI.

Figure 5: FIB/SEM images of micro-pillars machined from the as-received Eurofer 97 steel using
the FIB device at the PSI.
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Figure 6: True stress-strain curves for micro-pillars from the as-received Eurofer 97 steel, along

with a reference curve obtained using a standard tensile specimen.
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