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The current interest in mechanical properties and microstructure of neutron irradiated
beryllium refers to its planned application in the Helium-Cooled Pebble Bed (HCPB)
European concept of a breeding blanket of DEMO. Irradiation experiments in high-
neutron flux nuclear research reactors yield information about microstructural
evolution of beryllium under conditions relevant to fusion (temperature, damage dose,
helium and tritium productions) excluding 14 MeV neutrons impact which is not present
in the neutron spectra of fission reactors. The HIDOBE-02 irradiation campaign
accomplished at the HFR, Petten corresponds to 1246.5 Full Power Days at a reactor
power level of 45 MW in the temperature range from 410°C to 680 °C. Transmission
electron microscopy (TEM) has been to study the evolution of voids during neutron
irradiation at different temperatures. The target preparation of specimens was
performed using focused ion beam (FIB).

TEM study shows the formation of radiation induced hexagonal flat gas bubbles inside
the grains, however at the lowest irradiation temperature of 410° the pebbles show the
uniform shape. The diameters of the bubbles increase from a few nanometers for
410°C to more than hundred nanometers for 680 °C. The number density of bubbles
decreases, correspondingly, by more than two orders of magnitude. The preferable
formation of bubbles along the grain boundary and dislocation lines was observed.
Analytical investigations using electron energy loss spectroscopy show the presence
of He and H23 inside bubbles. Also the Si and Fe segregation on the voids was
detected [2].

EDX mapping shows that the precipitates inside the grains and on the GBs have
increased iron and aluminum content, indicating the formation of an Fe-Al-Be phase.
In the material irradiated at 440°C, most of the precipitates also have Fe-Al-Be
composition, while several other single- and multiphase precipitates were found. The
Fe-Al-Be phase is observed as 10-15 nm precipitates within the grains and as 200 nm
particles bound to a gas bubble at the GB. The present study shows detailed
microstructural changes induced by neutron irradiation in beryllium.

[1] M. Klimenkov, et al. Journal of Nuclear Materials 455 (2014) 660—664
[2] M. Durrschnabel, et al. Scientific Reports, 11, 7572 (2021)
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Beryllium application in fusion technology
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= Application as a “First Wall” material in R— ?_ebb"fed ——
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= As neutron multiplier material in -
different tritium-breeding blanket @ o B -
. )
concepts for the future demonstration e
fusion power plant DEMO. ~—i~
F;roduc’non of hellqm and tr!tlum Prediction of irradiation resistance of beryllium
(°*H) by transmutation reactions pebbles under close-to-fusion conditions.
9Be + n — 2%He + 2n (E>2.7 MeV)
°Be +n — ’Li+ *He (E,>10.7 MeV) = operation temperature,
Li+n—“He +3H +n = accumulated damage dose,
%Be +n—%He +H (E,> 0.6 MeV) = amount of helium and tritium generated
6He — 6Li+ b+ v by neutron-induced transmutation.
6Li+n — “He +3H
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Neutron irradiation programs 2005 - 2016 ﬂ(IT
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Be pebbles
High Dose Beryllium irradiation program (HIDOBE-I) (2005-2007) e 2 1mm
& 2mm
High-Flux Reactor (HFR), Petten, Netherlands
Dose 18 dpa, 3000 appm “He, 300 appm °H
Irradiation temperatures: 410°C, 480°C, 590°C, 700°C
High Dose Beryllium irradiation program (HIDOBE-II) (2005-2011) 1mm pebble
High-Flux Reactor (HFR), Petten, Netherlands NS 100-300um
38 dpa displacement per atom 5900 appm “He, 640 appm °H grain size
Irradiation temperatures: 370°C, 440°C, 540°C, 650°C
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HIDOBE-I — TEM sample preparation
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HIDOBE-I - post irradiation examination
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Pecipitates 480°C

The FeAIMnCr pecipitates located
in a fiber of 350 nm thickness.

" . Institute of Applied Materials — =
7 Dr. Michael Klimenkov Applied Materials Physics (IAM-AWP) @IAM

HIDOBE-I post irradiation examination ﬂ(IT
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Precipitates contains of FeAIMnCrTi beryllides

u  M.Klimenkov, V.Chakin, A.Moeslang, R.Rolli, Journal of Nuclear Materials 443 (2013) 409-416
®  M.Klimenkov, V.Chakin, A.Moeslang, R.Rolli, Journal of Nuclear Materials 455 (2014) 660-664
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HIDOBE-II

High Dose Beryllium irradiation program (HIDOBE-II) (2005-2011)

High-Flux Reactor (HFR), Petten, Netherlands

38 dpa displacement per atom 5900 appm “He, 640 appm °H

Irradiation temperatures: 370°C, 440°C, 540°C, 650°C

TEM lamellae were
prepared from irradiated
tungsten using focused
ion beam (FEI SCIOS) in
the FML at KIT.
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Microstructure of irradiated beryllium
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® Bubbles show hexagonal prismatic-disc shape in the transmission electron microscope (TEM)
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view on prismatic face
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Bubbles in beryllium irradiated at different temperatures
Images of the bubbles in the basal and prismatic orientations
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Bubbles in beryllium irradiated at 370°C ﬂ(IT
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Tilt of 60° between these images

A uniform bubble shape
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Quantitative evaluation
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Effect of radiation dose on the microstructure of irradiated beryllium
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Analytical study of bubbles in irradiated beryllium: Dr. N. Zimber ﬂ(IT
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presence of pecipitates at 370°C and 440°C

A loop decorated by a segregation of Fe-Al-
Be phase pinned by a complex phase
precipitate (a) observed at 643 K (370 °C).
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Summary
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» Successful microstructural examination of neutron irradiated beryllium at IAM-AWP over the past 10 years (6
publications in peer reviewed journal).

» Detection of He and H, in bubbles by TEM in neutron irradiated Be was reported for the first time.

» Recent study were focused on the characterization of gas bubbles located inside grains and at the GBs as well as
on the study of spatial distribution and composition of secondary phase precipitates.

* Recent results (HIDOBE II):

« Helium bubbles were found inside grains at all irradiation temperatures, which is consistent with previous literature.
Their shape is spherical at 370°C and changes to a flat hexagonal prism at higher irradiation temperatures. The
bubble size increases strongly with irradiation temperature. The apparent swelling estimated from the TEM data
reaches ~9% at 650°C

» Precipitation of Fe-Al-Be phase within grains were detected at low irradiation temperatures ( 370°C and 440°C)
« EELS spectroscopy was used for detection and analysis of He and H, gases trapped inside flat hexagonal bubbles
formed on the basal planes of beryllium under neutron irradiation.

« The number densities of both gases inside the bubbles were calculated using atomic scattering cross-section and
the intensity of the zero-loss peak. The values He=(4.2+1) at/nm® and nH,=(3.5+1.2) molecules/nm? were
determined for a bubble with a diameter of 160nm.
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