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Abstract

The effect of ion irradiation on evolution of microstructure and hardening of beryllium with
different impurity levels was investigated using TEM and nanoindentation. High purity S-65 nuclear
beryllium grade and lower-pure S-200-F structural beryllium grade were implanted by helium ions at
temperatures of 50°C and 200°C. 11 different energies were used, so as to create a quasi-homogeneous
3um irradiated layer with average radiation damage of 0.1dpa and average He content of 2000 appm.

At both temperatures in both grades, under TEM investigation the radiation damage appears as
“black dots” (<10 nm in diameter) which are likely to be small dislocation loops with the number
density of ~ 1022 m. No bubbles were observed inside grains and at grain boundaries.

Nanoindentation experiments demonstrated that the lower-purity S-200-F grade has higher
average hardness (3.7+£0.8 GPa) than the S-65 grade (3.4+0.8 GPa) in the as-received and irradiated
states. After helium implantation of both grades the hardness increased by 60% for the 200°C
irradiation and 100% for the 50°C irradiation. The higher purity S-65 grade showed smaller changes
in hardness at 200°C than the less pure S-200-F. Use of EBSD to give the crystallographic orientation
of indented grains revealed that in both grades in the as-received materials the hardness is about 2.5
times higher when the indentation direction is close to the [0001] c-axis of beryllium compared to
indentation perpendicular to [0001]. Hardness anisotropy significantly decreased after irradiation: the
“soft orientation” was most sensitive to radiation-induced hardening, with hardness increasing by
about 140% after irradiation at 50°C and 100% after irradiation at 200°C, compared to about 15 - 20%
for the “hard” orientation at both irradiation temperatures.

Analysis of the possible hardening contribution demonstrated that the “back dots” should lead to
about 0.85 and 1.7 GPa hardness increase, while the rest of the hardening should originate from helium

bubbles with the size below the TEM resolution (at or below 1.5 nm).
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1. Introduction

Due to a unique combination of mechanical and physical properties, beryllium is extensively used
in a wide variety of nuclear facilities. For example, due to its high thermal conductivity, low chemical
sputtering and oxygen gettering properties [1], beryllium is a plasma facing material (PFM) for the
Joint European Torus (JET) tokomak [2,3] and the future ITER fusion test reactor [4,5]. Beryllium is
also being considered as a neutron multiplier material in the helium-cooled pebble bed (HCPB) design
concept for the tritium-breeding blanket of the demonstration fusion power plant (DEMO) [6,7]. Due
to its low nuclear interaction cross-section, beryllium is an excellent material for particle-beam
windows, and, for example, was successfully used as a primary beam window in neutrino production
targets of the "Neutrinos at the Main Injector” (NuMI) beamline [8]. It is also being considered as a
material for different target components in a new generation of proton accelerator driven particle
sources such as, for example, the Long Baseline Neutrino Facility (LBNF) [9,10].

In comparison to other nuclear materials, beryllium experiences extremely high transmutant
helium accumulation rate. For example, it is between 110 and 220 appm/dpa in the beryllium reflector
of the ISIS neutron source (RAL, UK) and can reach 380 He-appm/dpa under neutron irradiation in
fission reactors [11-13]. For comparison, a typical appm/dpa ratio for iron under neutron irradiation
in fission pressurized-water reactor (PWR) is 0.35 appm/dpa [14] and for tungsten under neutron
irradiation in fission high flux isotope reactor (HFIR) is 0.0008 appm/dpa [15]. In fusion reactors,
beryllium will accumulate helium with the rate of 670 He-appm/dpa [14] that will lead to build-up of
1,500 He-appm at ITER end-of-life [16] and more than 15,000 He-appm at DEMO end-of-life (HCPB
concept) [17]. Even higher helium accumulation, up to 4000 He-appm/dpa, takes place in beryllium in
high energy proton irradiation environments, for example in neutrino sources [18]. Both helium
accumulation and displacement damage effects in beryllium are known to be highly irradiation-
temperature dependent: for temperatures less than 400°C, radiation induced hardening accompanied

with a drop in plasticity is usually observed, whereas severe non-hardening embrittlement is observed
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for high-temperature irradiation [19-22]. It is generally considered that the determining mechanisms
here are strengthening of the beryllium matrix by point defect clusters and helium accumulation at low
temperatures; and helium segregation to grain boundaries at high temperatures [12,22-24].

Industrial purity beryllium grades used in nuclear facilities contain a wide variety of trace
impurities, typically oxygen, iron, aluminium, nickel, copper, silicon, carbon and magnesium. The
majority of these impurities have very limited solubility in beryllium, and have strong tendencies to
create precipitates and to segregate to defects such as grain boundaries or dislocations [18,25]. While
the effects of different impurities on mechanical properties of beryllium have been extensively studied
in the past (see reviews [7,25] and references sited), the mechanisms underlying these processes are
not always well understood. Moreover, data about the effects of impurities on evolution of mechanical
properties under radiation is very limited, especially under the extreme conditions relevant to beryllium
components of fusion reactors and particle accelerators.

The work reported here compares hardening introduced by helium implantation in two industrial
beryllium grades: the high purity nuclear grade S-65 and the lower-purity structural grade S-200-F.
The S-65 grade is being used as a plasma-facing component in Joint European Torus fusion experiment
[3] and was selected as the reference material for use in ITER [7]. The S-200-F grade is also used in
nuclear facilities, for example for beryllium frames and reflector elements in the Japan Materials
Testing Reactor (JMTR) at JAEA [26].

We report data on irradiation hardening effects in beryllium at 50°C and 200°C. The temperatures
represent the lower boundary of the expected irradiation temperatures in Be for ITER first-wall
applications, and typical irradiation temperatures of the beryllium in the operating NuMI neutrino
target [18] and the currently designed LBNF [9,10]. Considering the literature data [19-22], for both
temperatures the “radiation induced hardening” regime should dominate. Available experimental data
on radiation damage effects in beryllium are mostly collected from materials irradiated by fission

reactor neutrons. However, the applicability of the data for fusion reactor applications and accelerator
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driven particle sources is uncertain, since fission-spectrum neutrons do not induce sufficient levels of
transmutation-produced helium [11-13]. In the current work, an ion beam accelerator was used to
introduce radiation damage and about 2000 appm He, relevant to both fusion and accelerator
applications and giving also the advantage of fast and relatively inexpensive materials irradiation
without activating the sample.

Nanoindentation is widely used for evaluation of local mechanical behaviour of materials at
micro-scale and is particularly useful for ion irradiated materials where only a shallow damaged layer
is available. It has been successfully used for screening of radiation induced hardening in different
nuclear materials, including: ferritic-martensitic [27-29], austenitic [30] and RPV [31] steels, ODS
alloys [32] and tungsten [33,34]. No nanoindentation data on radiation hardening of beryllium is
available in the literature; however the applicability of the technique to examine the effects of
impurities on the hardness of beryllium was recently demonstrated [35].

Micro and macro-hardness examinations of beryllium often show significant scatter of indentation
results [35,36] that may complicate the determination of radiation-induced hardening effects. This
originates from the high elastic and plastic anisotropy of beryllium [25,37]: the room temperature (RT)
critical resolved shear stresses for <a> basal slip (the primary slip system at RT) is 15 MPa, for the
<a> prismatic systems is 68 MPa and the secondary <c + a> pyramidal systems is 2000 MPa [37,38].
Previous experiments [35,39,40] showed that indentation hardness coupled with crystallographic data
from EBSD or XRD is a useful approach for comparing the effects of different treatments on beryllium.
This approach is used here, with special attention being paid to the mitigation of any artefacts
originating from localised plastic deformation of the surface around the indents (so-called pile-ups and
sink-ins) which can significantly affect interpretation of nanoindentation data in beryllium [35].

The paper is structured as follows. First, the investigated beryllium grades, irradiation conditions,
the nanoindentation hardness experiments and data treatment approaches are described. Then, the

microstructure of the implanted layers are shown and discussed. Before hardness values are calculated,
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indentation contact areas for different samples and different crystallographic orientation of grains are
analysed, taking into account any pile-up and/or sink-in, and the tip-indented surface contact area
coefficients are reported. The resulting correction parameters are then used to calculate the
nanoindentation hardness of beryllium grains of different purity and different crystallography before
and after irradiation. After, the load - indentation depth curves from different beryllium states (material
grade, irradiation condition) are presented and the pop-in events (horizontal plateaux observed on the
load-displacement at some at some critical loads) are characterised to highlight differences between
different states of the materials. This is followed by a general discussion of the origins of the observed
irradiation induced hardening and the applicability and significance of the obtained data for

engineering design considerations for nuclear facilities with beryllium elements under irradiation.

2. Materials and techniques

2.1 Materials

Two vacuum-hot-pressed industrial beryllium grades were investigated in this work: a high purity
nuclear grade S-65 (Be > 99.2%) [41] and the lower purity structural grade S-200-F (Be > 98.5%)
[42]. Microstructures of both types are reported in Ref. [35]. The grades have similar average grain
diameters of 7.2+ 4.4 um [35]. Our previous STEM/EDS studies of beryllium [18] showed that grain
boundaries of both grades are decorated by numerous precipitates enriched by oxygen, aluminium,
iron, silicon, magnesium, titanium and other impurities, while the grain cores are mainly free of
precipitates.

2.2. Irradiation conditions

Before helium implantation, surfaces of samples were mechanically ground and polished with SiC
paper, diamond paste and finally colloidal silica. To avoid sputtering of beryllium during implantation,
a 1 um layer of aluminium was deposited by sputter coating at the surface of samples. The aluminium

layer was removed after implantation by polishing in colloidal silica.

51747



Implantation was done at the National lon Beam Centre (NIBC) at the University of Surrey.
Sequential irradiation with He* ions with eleven energies from 1.2 MeV down to 0.2 MeV with steps
of 0.2 MeV was used to create approximately a 3 um deep damaged layer, as calculated with SRIM
(Stopping and Range of lons in Matter) [43,44]. Totally, 8.8x10%° (He)atoms/m? were implanted. The
radiation dose calculation was done using a displacement threshold energy of 31eV [45] and the
““Quick’” Kinchin and Pease option. The calculated average damage is 0.1 dpa with an average dose
rate of 1.7x10™* dpa/s. The average helium content in the damaged layer is 2000 appm; however there

are wide oscillations around the average value (see Figure 1).
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Figure 1. Helium implantation profile. 11 energies were used in the range from 0.2 to 1.2 MeV. The
position of the Bragg peaks is marked with the corresponding implantation energy. The sample was
coated by aluminium during implantation. The coating was removed before further analysis.

2.3.Experimental techniques

Indentations were conducted using a Keysight G200 nanoindentation system, with a diamond
pyramid Berkovich tip, using the continuous stiffness measurement (CSM) technique [46] with a
42 Hz and 2 nm oscillation. The frame stiffness of the instrument and indenter tip was calibrated using
a fused silica sample. An atomic force microscope Dimension D3100 was used for topographical
investigation of the prints after indentation. The surface profiles were then obtained using the open
source software Gwyddion [47]. These profiles were used to calculate the contact area between the

indenter tip and the sample surface.
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The nanoindentation hardness was calculated as
H=P/A (1)

where A is the projected contact area between indenter tip and the sample at load P [48]. Two
approaches were used for quantification of the contact area A: i) the method proposed by Oliver and
Pharr [46] which forms the basis of the indentation testing standard [48] and ii) the method which uses
the actual tip-surface contact area, corrected for effects due to pile-ups and/or sink-ins [49]. In the
standard method proposed by Oliver and Pharr [46] the contact area is determined from the tip area
function A(h,) that expresses the indenter’s cross-sectional area in terms of the contact depth, h.. The
contact depth, h. = h,,4 — hs, IS the difference between the measured total penetration of the tip into

the surface, h,,4,, and the elastic surface displacement, h, . The elastic displacement is calculated

Pmax

using the Oliver-Pharr model [46]: hy = ¢ S

, Where P, 1S the measured maximum load, S is the

contact stiffness, which is computed as the slope of the unloading curve continuously evaluated in the
CSM mode, and ¢ is the tip geometry coefficient (0.75 for a Berkovich tip) [50].

In the second method, the standard Oliver-Pharr algorithm for contact area calculation was
modified in order to take into account the influence of the plastic deformation on the sample surface
around indents during loading. The method is based on the approach proposed by Kese [49] and
modified to include sink-ins effects [35]. The method requires experimental measurement of the indent
profile through the central point of indentation and the centre of each edge. Where pile-up is observed,
the contact between the indent and the pile-up is determined and is then projected onto the direction
of the free surface normal, giving the pile-up height. The contact area of each pile-up is then
approximated as a semi-ellipse, with the major axis equal to the length of the side of the projected
triangular area of the indent print, and the minor axis being measured on the indent profile image as
the projected distance of the pile-up contact perimeter [49]. Similarly, to account for sink-ins, the
reduction in contact area was also approximated as a semi-ellipse, with a major axis calculated in the

same way, whereas the minor axis was measured on the indent profile image as the projected distance
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between the sink-in contact perimeter [35]. For the investigated indents the corrected projected area,
Acorr, Was calculated as the contact area determined by the Oliver—Pharr analysis [46], Ao_p plus (or
minus) the area due to out-of-plane deformation near each edge for pile-ups (or sink-ins). In this paper
Ho-p refers to hardness values obtained with the Oliver-Pharr algorithm, whereas Hc refers to hardness
values obtained after the contact area correction.

At least 200 indents were made for each sample with a target maximum indentation depth of
400 nm. Surface position correction was made for each indentation before data analysis. For
consistency, load data averaged between 320 and 360 nm indentation depth were used for indentation
hardness calculations, avoiding the depth range within which there is a strong indentation size effect
[27,50]. Crystal Plasticity FEM calculations for beryllium [35] predict that the plastic zone beneath
indents extends to a depth ~7x larger than the Berkovich tip penetration depth. The selected penetration
depth for hardness calculations is almost 10 times smaller than the thickness of the implanted layer,
allowing minimisation of any possible influence of the non-irradiated substrate material on the
radiation-induced hardening data.

Because of the high hardness anisotropy of beryllium [35], in this paper indentation data are
presented and discussed according to the angle between the indentation direction and the [0001] axis
of the indented grain, denoted as 6. To investigate the crystallographic dependence of nanoindentation
hardness, EBSD analyses of the indentation arrays were made, using a JEOL 840A scanning electron
microscope equipped with the EDAX-TSL EBSD; OIM TSL software [51] was used for analysis of
the EBSD data. Indents on or near to grain boundaries (no more than 2um away) were not considered
in analysis.

To investigate residual strains in samples after implantation and possible effects on
nanoindentation data, a confocal Raman imaging microscope (WITec alpha300 AR) has been used to
acquire Raman spectra and perform large area scans (3 mm x 3 mm). The analysis is based on

determining the peak-shift corresponding to a E,; stretching band [52] in beryllium. The peak shift is
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caused by small changes to the short-range order in the atomic arrangement of the implanted material.
Therefore, it is indicative to the micro-strains created by implantation. During the experiments firstly,
the structural and strains heterogeneity evidenced by a change in the spectral pattern have been
determined, and then the main spectral components in homogeneous regions have been calculated.
Thus, by accumulating a large number of pixels (600 x 600 = 0.36 x 10°), the position measurement
error of the beryllium main peak is greatly reduced for the averaged spectral components. The
TrueSurface feature enabled dynamic focusing of the confocal laser during scanning. Data acquisition
was carried out with the conventional charge-coupled device (CCD) camera in the low-noise high-
intensity detection mode with a dwell time of 0.5 s per pixel using a green laser (A = 531.95 nm with
an estimated penetration depth of about 30 nm [52]), a 1800 g/mm grating and a Zeiss EC Epiplan-
Neofluar 50x long-distance objective to accommodate for topography variation during scans. The laser
power was set at 15 mW. The system was pre-calibrated to maximise the intensity of the silicon main
peak on a single crystal silicon reference sample. Resulting spectra were treated with a cosmic-ray
removal procedure and a shape-based background subtraction algorithm in WITec Project FIVE 5.2
Plus post-processing software. Where applicable, a Lorentzian function was used for peak fitting of
the background-subtracted data.

Samples for Transmission Electron Microscopy (TEM) were prepared by Focussed lon Beam
sectioning (FEI Helios NanoLab 600i). The 30keV Ga* ions have been used for lamellae lift-out and
shaping and 5keV Ga* ions have been used for final thinning of lamellae. According to SRIM
calculation, the final energy should create approximately 10 nm deep surface damaged layers and as it
will be shown later, this greatly hindered displacement damage effect from helium ions implantation.

Observation of the irradiated layer was performed with the JEOL JEM-2100 TEM in the Materials

Department of the University of Oxford.

3. Experimental results
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3.1. Microstructure of the implanted layer

The implanted layer was investigated by TEM. On bright-field images radiation damage appeared
in the form of “black dots” (less than 10 nm diameter) arranged in lines parallel to the surface of
samples, as shown in Figure 2 for the S-65 sample irradiated at 50°C. Figure 2(a) shows that the dark
lines correspond to the peaks in “dpa” and helium implantation (Figure 1), with energies from 1.2 MeV
located in the lower right corner and nine lower energies down to 0.3 MeV in the upper left corner
near the lift-out edge (see the simulated implantation profile in Figure 1). These “black dots” are likely
to correspond to small dislocation loops or point defect clusters. While the dark areas correspond to
approximately 1.2 dpa and 3000 appm of helium, the relatively bright areas in the implanted layer have
approximately 0.8 dpa and 1000 appm of helium. The thickness of the dark lines is about 150 nm,
separated by similar thickness bright areas with smaller number of defects (Figure 2(b)). Note that the
displacement damage peaks should be 50 to 100 nm closer to the surface than the helium peaks, but
this was not resolved by TEM as there is no clear substructure of the dark bands. Comparison with the
microstructure below the 1.2 MeV implantation Bragg peak, where only FIB damage is present, shows
that gallium damage of the TEM samples during preparation by FIB creates similar “black dots” in
beryllium, so it was difficult to make accurate quantitative analysis of the initial radiation exposure.
Assuming homogeneous distribution of FIB induced loops and after subtraction of this background,
the estimated number density of loops was between 4x10%'m and 1x10%?m inside bright bands and
between 2x10%?m and 5x10% m2 inside dark bands. The damaged layers of the samples exposed at
50 and 200°C appeared very similar and no difference in substructure of the irradiated layers was
noticed between two investigated beryllium grades. However, any differences could be being masked
by FIB damage.

It should be also noted that in Figure 2, only 10 out of 11 implanted layers are present since the
first layer was polished-off during colloidal silica polishing of the aluminium coating after the

implantation, but, as will be discussed later, this was not the case for all the implanted samples.
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Figure 2. TEM image (bright field) of the S-65 irradiated at 50°C. The dark lines in (a) correspond
to the peaks in “dpa” and helium implantation. Radiation damage appeared in the form of “black
dots” with higher number density inside dark lines (b).

Use of over-/under-focus imaging [53] did not reveal any objects which could be identified as
cavities or helium bubbles in any of the investigated samples, including in grain boundary areas.
Helium is therefore likely to be either in solid solution in the beryllium matrix or in a form of sub-
nanometric bubbles too small to be resolved in TEM [53]. The observation are in agreement with other
experimental studies of beryllium after neutron irradiation [11,20,54-56] or helium implantation [24]
where, due to the low diffusive mobility of separate helium atoms or helium-based complexes, gas
bubbles were not visible in TEM at temperatures below 400°C. It is also known that at very high
helium contents (> 25000 appm) helium bubbles may be observed even at low temperatures in neutron
irradiated [57] or helium implanted samples [58], but this level is well above the helium concentrations

investigated in this work.

3.2. Topography of indentation prints and contact area correction
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The elastic, plastic and strain-hardening properties of a material can affect whether material will
either plastically sink-in or pile-up around the indenter [50,59,60]; such topographical changes can
significantly change the contact area between the indenter tip and surface. This deformation is not
accounted for in the standard method of contact area determination proposed by Oliver and Pharr [46],
so with this method the calculated indentation hardness would be too high if pile-up occurs (as the real
contact area is greater than that calculated from the indenter profile and penetration depth) and too low
when sink-in occurs (when the real contact area will be less than the calculated one). To estimate the
out-of-plane plastic deformation of beryllium and hence to improve the analysis of the load-
displacement data to give a true value of indentation hardness, direct imaging of the residual
impressions was performed. Between 15 and 19 topography maps of indentation prints were made
with AFM for each irradiated sample to cover the full range of indentation orientations for every
investigated sample. Mapping was performed for the indents where the crystallographic orientation of
the indented areas was confidently known (i.e. inside grains).

Figure 3 shows examples of topography maps around indents into differently oriented grains in
irradiated and non-irradiated samples. In the majority of indents plastically deformed surface zones
were observed well outside the area of the final tip penetration. Figure 4 shows changes in contact area
between the indenter and the sample due to pile-ups and sink-ins, as a function of indentation angle,

as a contact area correction coefficient, C, defined as:

C = Acorr—A0-p

Ao_p (2)
Here, Acorr is the measured projected contact area and Ao-p is the “ideal” contact area calculated from
the indenter penetration using the Oliver-Pharr method.
The effects of pile-ups and sink-ins in non-irradiated beryllium have been reported by us
previously [35]. It was shown that the pile-up / sink-in behaviour depends highly on the
crystallographic orientation of the indented grain. For indentations into grains with surface normal

close to [0001] (@ < 15°) (hard orientations) sink-ins were predominant, as shown by the yellow
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“halo” around the indenter print in Figure 3(a). The corresponding correction coefficient C was
measured to be in the range of approximately -0.1 to -0.2. Indentation into grains with higher 6
produced both sink-ins and pile-ups, appearing as hills with height up to 250 nm on opposite sides of
the indentation pit (see Figure 3(c-d)). The contribution of pile-ups in determining the real contact area
increased with 6, and so the correction coefficient C gradually increases with indentation angle,
reaching +0.25 for indents into grains with surface normal orientated perpendicular to [0001]. This
variation of C with grain / indenter orientation for unirradiated Be is indicated by the shaded area in

Figure 4.
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Figure 4. Distributions of the contact area correction coefficient for different crystal orientations in
as-received conditions [35] and after irradiation at 50 and 200°C . Error bars in the implanted
samples data points — min and max values considering 30 nm uncertainty of the contact area edge
determination. Gray area is the 95% confidence interval for the non-irradiated samples

Pile-up behaviour was very different in the irradiated samples of both materials types. After
irradiation at 50°C, pile-ups dominated in all the mapped indents for all the crystallographic
orientations of the indented grains as shown in Figure 3(i - I) and no significant difference in behaviour
of the two investigated grades was noticed. The corresponding average correction coefficients (black
open markers in Figure 4. ) were around +0.15 for 6 up to 30°, increasing slightly to a maximum of
about +0.2 for 6 between 40° and 60°, and decreasing to +0.1 for 6 close to 90°.

Similarly, pile-ups dominated in the indents in the S-200-F grade irradiated at 200°C (Figure 3(e -
h)), but the overall contribution into the contact area was smaller with an average correction coefficient
of about +0.1 for small 8, a maximum of +0.15 for 8 between 40° and 60° and a minimum of +0.07

for O close to 90°.
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The S-65 sample irradiated at 200°C showed more complicated behaviour: in the area initially
studied (Figure 3(e - h)), denoted as “Zone 17, sink-ins (Figure 3(e - h)), rather than pile-ups,
dominated the material’s indentation behaviour and correction of contact area. Because of this
discrepancy, a smaller array of 75 indents was made in a different area of the sample (“Zone 2”), in
which, similarly to other irradiated samples, pile-ups dominated behaviour around the indents (Figure
3(e — h). As is shown by blue markers in Figure 4, in “Zone 1” of this sample the average correction
coefficient C was near O for small 6, had local maximum of about +0.05 for 6 between 30° and 40°
and decreased to -0.1 for 8 close to 90°. In the second area (“Zone 2” in Figure 4), the correction
coefficient distribution was very similar to that observed for the S-200-F grade irradiated at the same
temperature, with a somewhat lower local maximum in C of about +0.1 for 6 between 30° and 60°.
The selection of the area for the second array was based on study of post-irradiation microstructures

and their dependence on sample preparation, and is discussed later in section 3.4.

3.3. Nanoindentation hardness

Hardness values for all of the investigated samples were calculated accounting for the contact area
correction, using the measured pile-up and sink-in contribution coefficient C from Figure 4, combining
equations (1) and (2):

_ Ho_p
C+1 (3)

Hc

where H,_p was extracted from the nanoindentation test data using the standard Oliver-Pharr method
[46]. As was shows in our previous work [35], for unirradiated materials, the averaged correction
coefficient as a function of indentation angle 6 (in degrees) between the c axis of the grain and the

loading direction can be fitted to a linear function:

C=a16+a0 (4)
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where coefficients a;=0.0035 and a,= —0.123 for the chosen indentation depth range [35]. To account
for the more complex variation of C with orientation in the irradiated materials, a fourth degree

polynomial function was used:
C == a494+a393+a292+a19+a0 (5)

Best-fit values of the coefficients and the coefficients of determination R? are given in Table 1.

Non irradiated S- S-65 and S-200-F S-200-F S-65 irradiated at 200°C
65 and S-200-F irradiated at 50°C irradiated at Zone 1 Zone 2
(from [35]) 200°C (sink-ins) (pile-ups)
a, 3.09x1078 2.5x1078 1.34x10708 6.21x107°
as -6.02x107 -4.45x10706 -2.32x10706 -1.14x10
a, 3.47x10% 2.08x100 8.56x10%° 4.66x100°
a; 3.5x1003 -5.72x10% -1.23x10°%2 2.48x10704 -2.05x10%4
a, -1.23x10°1 1.74x10 9.06x100! 1.13x102 1.05x10
R? 0.72 0.60 0.83 0.61 0.45

Table 1. Fitting coefficient (a, to a,) and coefficients of determination R? for averaged correction
coefficient as a function of indentation angle 6 between the c axis of the grain and the loading
direction for S-65 and S-200-F grades in as-received and irradiated states

Figure 5 shows the averaged nanoindentation hardness values for tests performed in grain interiors
only in as-received and implanted samples and compares values before and after contact area
corrections. The numeric values describing the observed trends are summarized in Table 2. The S-200-
F has about 8% higher average hardness than the S-65 grade in as-received state and remained harder
after helium implantations. The implantation at 50°C almost doubled the hardness and the irradiation
induced hardening of the lower-purity grade was about 10% higher. The irradiation at 200°C led to
60% increase average hardness for both grades. The contact area correction led to about 10% decrease
of the average hardness values and in general was slightly higher in the irradiated samples. It is
important to note that while the average non-corrected hardness of the S-65 grade (200°C irradiation)

in Zone 1 and Zone 2 was different, the contact area corrected values were identical, highlighting the
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importance of the nanoindentation artefacts mitigation for increasing accuracy of the experimental

data.
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Figure 5. Average nanoindentation hardness from 2 beryllium grades before and after helium
implantation ant 50 and 200°C. (a) — contact area corrected values vs (b) — obtained by standard
method.

Figure 6 shows the orientation dependence of nanoindentation, before and after the correction for
surface topography. For all samples the curves have sigmoidal variation with indentation angle, with
maximum and minimum hardness for indentation directions (test surface plane normals) parallel and

perpendicular to [0001] respectively. Tsuya [40] and Hill and Jones [39] observed similar trends in

micro- and macro-hardness tests of beryllium monocrystals.
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Figure 6. Nanoindentation hardness from 2 beryllium grades for different crystallographic
orientation, calculated with the: (a) corrected via profilometry data using equations (4 ) and ( 3);
(b) Oliver-Phar method [46]. 0° corresponds to indentation into the basal plane parallel to the
[0001] direction, 90° implies indentation perpendicular to [0001]. Only data from grains with the
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assigned crystallographic orientation are shown (no data from indents on or close to grain
boundaries).

Figure 6 also compares area-corrected and O-P hardness distributions. In the non-irradiated
samples, when corrected, the true hardness in “hard” orientations (6 close to 0°) is higher than the
uncorrected value, due to sink-ins, whereas the true hardness in soft orientations (8 close to 90°) is
lower than the uncorrected value, due to pile-up. Therefore, hardness values derived from the O-P
method underestimate the hardness anisotropy. A different behaviour was observed in the irradiated
samples. Since the pile-up / sink-in effects were less dependent on crystallography, the corrected
hardness values were mainly simply shifted in magnitude from the O-P values, only slightly affecting
the measured hardness anisotropy.

Before irradiation the lower purity S-200-F grade had slightly higher hardness for the same
crystallographic orientations than the high purity grade S-65. This was especially noticeable for the
“soft” orientations (See Table 2). Since only limited data were available for indentations close to [0001]
and given the observed scatter, the “hard” grain hardness may not be accurately compared. Aldinger
[25] found that the critical resolved shear stresses (CRSS) for both basal and prismatic slip in beryllium
is proportional to the impurity concentration as c¢2/3, ( where ¢ is the impurity concentration in wt%),
so the less pure S-200-F would be expected to have increased in CRSS and thus higher hardness.

In both grades and for the both implantation temperatures the largest radiation hardening effect
was observed in “soft” orientations perpendicular to [0001] (Figure 6). Starting from 2.5 GPa and
2.8 GP in as-received S-65 and S-200-F grades respectively, the hardness doubled after irradiation at
200°C and was 130-140% higher after irradiation at 50°C, as demonstrated by black (for the S-65
grade) and red (S-200-F grade) data points in Figure 6(b). In absolute values the radiation induced
hardening for the “soft” orientation after 50°C irradiation in both grades was 3.7 GPa; and after 200°C
irradiation was 2.5 GPa for the S-65 and 2.9 GPa for the S-200-F. For the 200°C irradiation, these

changes are masked by considering only average hardness values, over all orientations (see Figure 5).
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After the 50°C irradiation, the average hardness of the S-200-F was higher than of the S-65, but the
crystallographic analysis demonstrated that this was due to a larger number of grains with “hard”
orientation being tested in the S-200-F. These effects demonstrate the importance of the use of
crystallographic information in studies of the hardness of beryllium and other highly anisotropic
materials. The ‘“hard” orientation hardness values were less affected by radiation, therefore,
implantation led to decrease of the anisotropy of beryllium hardness.

The high hardness anisotropy of beryllium originates from the very high anisotropy of the CRSS
required for activation of different slip systems [35,39,40]. The CRSS is relatively low for the <a>
basal and prismatic systems which both provide slip perpendicular to the c-axis, but it is very high for
the secondary <c + a> pyramidal systems [37,38] responsible for deformation parallel to the c-axis,
especially under compression [25]. Point defect clusters, helium-vacancy clusters (and potentially,
sub-nanometric He bubbles) are likely to increase the CRSS values of all slip systems by roughly the
same absolute amount, and so to decrease the relative differences between CRSS values of the slip
systems. A similar effect was observed by Hill and Jones [39], who demonstrated that work hardening
of beryllium single crystals led to highly non-uniform increases of Vickers hardness: about 350 MPa

for basal plane indentations and about 660 MPa for indentations on prismatic planes.
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S-65 S-200-F
Ho-p? Hc? Ho-p Hc
N éz\;s\;ed He implanted As- He implanted As- He implanted As- He implanted
[35] at 50°C | at 200°C | received | at 50°C | at 200°C | received | at 50°C | at 200°C | received | at 50°C | at 200°C
Average hardness
inside grains, 35406 | 7.3+05 | 56109 | 3.3208 | 64404 | 56207 | 39405 | 80107 | 6.6+05 | 3.7+08 | 7.2+06 | 6.0 405
GPa
Radiation
hardening AH, - 3.8 z08 21411 - 3.1 +09 2.3+11 - 4.1 100 2.7 +038 - 35410 2.3 409
GPa
har'g\:ee;:ggPa 3.7106 | 7.4+06 | 5.6z08 - - - 41 105 | 8.0:07 | 6.6 106 - - -
Hmin (J_ to
[0001]), GPa 2.8 6.9 4.6 2.5 6.15 51 2.8 7.3 6.0 2.8 6.6 5.7
Hmax (” to
[0001]). GPa 5.6 8.3 7.5 6.5 7.6 7.2 6.3 9.0 8.0 6.3 7.9 7.3
Minimum Be
content ®, % 99.0 98.5
Main
impurities®, 0=3260, C=680, Fe=130, Al=170, Si=145 0=5450, C=1150, Fe=210, Al=340, Si=193, Mg=130
appm

U Calculated using the standard Oliver-Pharr algorithm [46].
2 Contact area corrected data using equation ( 3 ) which considers pile-up/sink-in contribution using the crystallographically dependent area correction coefficients calculated

with equation (4).

% The nominal chemical compositions of the grades, which specify maximum content of different impurities, (Materion Electrofusion Corporation)

Table 2. Nanoindentation, microstructural and chemical composition data from two beryllium grades before and after helium implantation
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3.5. Indentation pop-ins
Figure 7 shows examples of curves of indentation load as a function of depth for S-65
(unirradiated, and irradiated at 50°C and 200°C “Zone 2”); the behaviour of the S-200 grade
material was very similar. Four curves at different indentation orientations are shown per state.
The majority of the curves exhibit discrete displacement bursts, the so-called “pop-in” effect,
at different stages of indentation, as highlighted by black arrows Figure 7. This pop-in
behaviour has been widely observed in different materials [27,61-63]; in the early stages of
indentation (< 50 nm indentation depth) pop-ins are typically associated with plasticity bursts
caused by dislocation source nucleation in previously defect-free material [27,61-63]. In our
experiments these early-stage pop-ins were observed in non-irradiated samples in both grades
(Figure 7(b)), but were absent after helium implantation at both temperatures Figure 7(d, f).
This could be explained by the high number density of defects (in our case point defect cluster,
He-vacancy complexes or He bubbles) which can potentially serve as nuclei for dislocation
sources; similar effects have been found in indentation of ion-irradiated Fe-Cr [27] and W [64]

and polycrystalline Fe after plastic deformation [63].
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Figure 7. Typical load—indentation depth data produced from the as-received S-65 beryllium
grade (a-b) and after helium implantation (c-f); black arrows indicate pop-in events. Curves
in (b), (d) and (f) are initial stage fragments of curves in (a), (c) and (e) correspondently

Sometimes large pop-ins were observed at relatively high indentation depths (>100 nm);
see Figure 7 (a, c, e,). This behaviour was strongly affected by the sample condition: while
only about 7% of load displacement curves in as-received materials had any of these pop-ins,
the behaviour was observed 3 to 6 times more often in helium-implanted samples. Such large
pop-ins at relatively high indentation loads have also been observed in polycrystalline iron

[63]; it was concluded that these events were closely related to the presence of a grain boundary

in the stress zone of the indentation and has been rationalised in terms of preferred emission of
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dislocations from the grain boundaries. Such grain-boundary related pop-ins have also been
observed in Au/Si samples [62] and Fe-C alloy [65]. Our investigations in beryllium consider
indentations made in grain centres as observed at the surface by EBSD. It is however, possible
that the indentations are interacting with grain boundaries under the surface, invisible to
SEM/EBSD, which might possibly introduce some pop-ins observed in beryllium in this work.
However, in that case, the pop-in behaviour should be a statistical process dependent on
presence of grain boundaries (i.e. grain size), and not be dependent on irradiation condition,
since the grain size did not change during the implantations. Currently this behaviour is not
understood. It is possible to propose that the substructure of the implanted layer with sequence
of “softer” and “harder” bands can cause avalanche-like deformation when the stress zone

reaches deeper “soft” layers.
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3.4.Investigating the complex behaviour of S-65

It was observed that irradiation highly affected pile-up/sink-in behavior of beryllium: it
become less crystallographically dependent with increased domination of pile-up (see Figure
3 and Figure 4). However, the S-65 sample irradiated at 200°C have more complicated
behaviour: in one area (denoted as “Zone 1), sink-ins were mainly observed, while in a second
area of the sample (“Zone 2”), similarly to other irradiated samples, pile-ups dominated. For
better understanding of the behaviour, several TEM lift-outs were made from the indents in the
S-65 and S-200-F grades irradiated at both temperatures. Results for the 200°C irradiations are
shown in Figure 8. The surface layers of the samples are different, due to differences in the
degree of polishing away of the aluminium layer after irradiation but before indentation. In the
S-65 grade sample (200°C implantation, “Zone 1” indentations) (Figure 8a) , the surface is in
the middle of the dark line with an increased number density of black dots (and, from Figure
1, high helium content) while in lift-outs from other sample (S-200) the surface layer was inside

the bright band with fewer point defect clusters (and lower He content). Note that the S-65

sample irradiated at 50°C had the bright near-surface layer was (Figure 2a).

Figure 8. TEM images of the (a) S-65 irradiated at 200°C (inverted colour dark filed image)
and (b) S-200-F, irradiated at 200°C (bright field image) taken near the indenter prints. The
sequence of the dark and bright layers is highlighted by black and white lines. The near-
surface layer is “black” in the S-65 sample, and it is “white” in the S-200 sample.
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This may be the origin of the observed differences in pile-up/sink-in behaviour after 200°C
irradiation. It is known that pile-up / sink-in can be more pronounced for indentations in
materials with a thin coating of different mechanical behaviour to the underlying substrate [50].
For indentation into hard coatings on a soft substrate promotes surface sinking-in, as observed
by Tayebi et al during indentation of SiO films on Al substrate [66], whereas for indentation
in a soft coating on a hard substrate promotes surface pile-ups, as, for example, was
demonstrated in the aluminium-on-glass system by Tsui et al [67]. The behaviour will be more
complicated in the case of the heterogeneous layered irradiated substructure of the implanted
layer of the investigated samples: the dark bands with increased black dot number density are
likely to be harder, and possibly with a lower work-hardening rate, than the relatively bright
areas between them. However, the surface layer of the S-200-F after 200°C irradiation shown
in Figure 8b (and the other irradiated samples, which had a similar surface layer) should be
softer than the material under it, corresponding to the “soft coating on the hard substrate”
scenario (promoting pile-up), while for the S-65 “Zone 17 200°C irradiation shown in Figure
8a, corresponds to the converse “hard coating on the soft substrate”, promoting sink-in, as
observed. However, it is difficult to make a definitive conclusion on this, since only a few lift-
outs were prepared and analysed with TEM from these samples.

To further investigate this assumption, Raman spectroscopy analysis was performed on
both materials in the as-received state and after implantation at temperatures of 50°C and
200°C. A high-frequency acoustic mode is characteristic to beryllium, which results in a highly
intense Raman peak (stretching band) [52,68]. Figure 9 shows the Raman spectra of Be samples
in as-received state and after helium implantation. A single band was observed in both cases,
which suggests the absence of a parasitic signal from impurities, e.g. oxygen. This band is
initially positioned at 458.5 + 0.1 cm™ in the as-received samples. Both samples implanted at

a temperature of 50°C have shown a shift in the band position of —1.4 cm™ in the S-200-F
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grade and —1.5 cm™ in the S-65 grade, while the corresponding shift in the same grades
implanted at 200°C was —0.5 cm™ and —0.8 cm™. As a general rule, a shift in the position of
the stretching band indicates a change to the local vibration modes, resulting in a slightly
different short-range order of the beryllium atoms. Shifts similar in direction and magnitude
have been observed in deuterium-implanted beryllium [52]. According to [69] downshifts of
the stretching band can be attributed to a tensile stress in the material, that can be due to defects
or impurities changing the bond lengths. Therefore, it is possible to assume that the surface
tensile stresses exist in the irradiated samples studied here, but at a higher level in the samples
irradiated at 50°C than at 200°C. The position the beryllium stretching band have been
previously correlated with the hydrostatic pressure in diamond-anvil compression experiments
[68], where a large positive shift was observed: an empirical ration between the observed
Raman shift E (in cm™) and the applied pressure P (in GPa) was derived as: E = 459 +
2.086P — 0.011P2. Using this equation, the estimated tensile surface stresses in the samples
irradiated at 50°C are 500 to 540 MPa and 180 to 280 GPa in the samples after 200°C
implantation. Note, that since the nature of the pressure in our samples differs from the
compression experiments reported in [68], further numeric modelling is required to quantify

and confirm the level of stresses is samples due to the helium implantation .

28147



= = 565 (as-received) = = S65,T =50°C S65, T = 200°C
------- S200 (as-received) === S200, 7' = 50°C 5200, T'=200°C

200°C HEH-8 ® 5200
O S65

50°C

CCD counts (normalized)

426 430 440 450 460 470

rel. wavenumber (cm™1!)

Figure 9. Raman spectra from two grades of beryllium (S-65 and S-200-F) in the as-received
(A.R.) state and after helium implantation at 50 °C and 200 °C. Each spectrum was acquired
by averaging over 0.36 x 108 individual spectra from 3 mm x 3 mm surface regions, thus
reducing the noise originating from near-surface defects. The inset shows the peak positions,
determined by fitting a Lorentzian function to the 420-490 cm™ spectral region for each
spectrum. The error bars reflect a systematic error introduced by the choice of the fitting
function.

In contrast to other investigated samples where the beryllium stretching band position had
not experienced spatial variation, the shift in the S-65/200°C irradiation specimen had a distinct
striped substructure consisting of regions with average band shift of about —0.6 cm™
(yellowish areas in 10(a)) and regions with average band shift of —1.2 cm™ (brownish areas in
10(a)). This substructure suggests varying surface tensile stresses which are likely to
correspond to the alternation of surface-breaking layers of high defect density and low defect
density. This could have been caused by polishing-removal of the aluminium layer being at a
shallow angle to the initial surface plane, as schematically shown in Figure 10(b). The “Zone
17 indentation array in the S-65 sample implanted at 200°C was located in the “brownish” band

in Figure 10(a) with a high defect density, as seen by TEM in Figure 8(a). As discussed earlier,

this corresponds to the “hard coating on soft substrate” scenario favouring the observed sink-
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ins. The “Zone 2” array was made in the “yellowish” area in Figure 10(a) corresponding to the
“soft coating on hard substrate” scenario favouring the observed pile-ups. For S-65 “Zone 27,
the downshift is almost equal to that for the S-200-F grade irradiated at the same temperature,
as are the pile-up behaviour and the corresponding area correction function C. This supports
our assumption that in the S-65 sample after 200°C irradiation that the contrasted pile-up/sink-
ins behaviours are due to the surface preparation of the sample and that in the implanted
samples evolution of the pile-up behaviours (at least for the 200 °C irradiation) is highly
sensitive to the homogeneity and structure of the implanted layer. It should be noted that
separate, more controlled experiment with implantation to different depths (at surface and
below surface), without protective layers and preferably with broader Bragg peaks (as for
example W self-ion implantation) should be performed to elucidate further the role of the

damaged layer substructure on the pile-up/sink-in behaviours.
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Figure 10. (a) Raman peak shift in the S-65 beryllium grade sample after irradiation at
200 °C, shown by applying a centre-of-mass filter to the background-subtracted spectra from
a large area scan. Averaged Raman spectra corresponding to the high and low-wavenumber

regions are plotted in the inset as (Zone 1) and (Zone 2) respectively. (b) schematic
representation of the possible origin of the non-homogeneous Raman peak shift is the
polishing of the sample after implantation at shallow angle to the initially implanted surface

4. Discussion
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4.1.Pile up/ sink-in behaviour

In bulk materials it is generally observed that a high yield stress to elastic modulus (oy/E)
ratio and a high strain-hardening rate both promote a spread of deformation deeper into the
specimen and the surface around the indenter sinks-in; while the converse (low (oy/E) values
and low strain hardening) favour localisation of deformation around the indents and the
creation of pile-ups [50,59]. The pile-up/sink-in behaviour in anisotropic hcp metals like Be
[35] or Ti [70] is highly sensitive to the crystallographic orientation of the indented grains. The
observed crystallographic dependence of pile-up/sink-ins in non-irradiated beryllium is in good
agreement with crystal plasticity finite element modelling (CPFEM) results [35], which
demonstrated that the stress field and geometrically necessary dislocations (GND) penetrate
deeper into the material in the “hard” orientation relative to the “soft” orientation, consistent
with a higher (oy/E) ratio, also the plastic strain under the “hard” indent is also higher consistent
with high GND hardening. Irradiation can induce hardening or softening, changing the (oy/E)
ratio, and can change a material’s strain hardening rate. Hence, as observed in this study and
in other studies on different materials, the pile-up behaviour can be changed by irradiation.
Similar to our observations, many studies report increased domination of pile-ups after
irradiation. For example, Hardie et al [27] observed an increase in pile-ups heights after self-
ion irradiation of iron-chromium alloys. Similarly, a substantial increase in pile-up heights was
observed in a helium-implanted single crystal tungsten by Das et al. [71] and in tungsten-
rhenium alloys by Beck et al [33]. However, in contrast, Armstrong et al. [72] observed a
suppression of pile-ups in tungsten-tantalum alloys after self-ion implantation. It is clear that
irradiation can change both the (o/E) ratio and the strain hardening rate (through radiation
induced hardening or softening), however the underlying mechanism of interaction of
dislocations with radiation induced defects and implanted ions is not clear and is yet to be

examined. Before a reliable model for prediction of pile-up behaviour is developed,
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measurements of contribution of this artefact are highly desirable for accurate measurements

of irradiation induced hardening.

4.2.Hardening

Although no obvious differences were noticed by TEM investigation between samples
irradiated at 50°C and 200°C, that is highly likely the consequence of the FIB damage, the
nanoindentation results demonstrated much higher hardening for the lower temperature
irradiation. This is in agreement with other hardness and yield strength data of beryllium
irradiated at different temperatures (see [24,73] and review [74]). For example, Snead [73]
performed Vickers hardness measurements of the S65-C grade neutron irradiated in high flux
beam reactor (HFBR) up to 0.34 dpa and 250 appm He and observed about 480MPa (converted
from HV) hardness increase after irradiation at 95°C, about 335MPa increase for Tix=205°C
and about 265MPa increase for Tir=278°C. These data was in good agreement with the yield
strength increase which was 75 MPa, 55 MPa and 40 MPa correspondently [73]. Kesternich
and Ullmaier [24] investigated tensile properties of high purity beryllium implanted by helium
(220 appm, 0.02dpa) and observed 175 MPa increase in the yield strength after implantation at
100°C, which was about 90MPa after 300°C implantation.

Both helium and lattice defects introduced during the implantation are likely to act as
obstacles to dislocation motion. While helium solubility in beryllium has not been measured,
this inert gas generally has an extremely low solubility in metals [75]. Therefore, He is likely
to be either trapped by vacancies, increasing the CRSS for dislocation movement by solid
solution strengthening; or precipitated into sub-nanometric helium bubbles (too small to be
resolved by our TEM), where a precipitation hardening mechanism will govern dislocation
pinning and CRSS increase. Kesternich et al [24] investigated the influence of helium on yield

strength of beryllium and concluded that for low temperature irradiation (100°C), even if
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bubbles are not visible, the Orowan mechanism for dislocation pinning at precipitates (small
bubbles) should be applied for description of radiation induced hardening. Kesternich et al [24]
did not include hardening analysis from the observed dislocation loops.

The dispersed barrier hardening model was used to correlate the irradiation hardening and
microstructure observed by TEM:

Aoy, = aMubVN - d (6)
AH = 3Ag, (7)

where, M=4.3 [76], u=132.8 GPa [37,38] and »=0.228 nm (<a> slip ) [25] are the
Taylor factor, shear modulus and Burgers vector, respectively, N is the number density and d
is the mean diameter of obstacles (considered to be 5 nm for this estimation). « is the
dimensionless obstacle strength factor in the range of 0 < o <1. To estimate the possible
hardening, as a guidance we used the o values of different types of defects summarised for
steels by Lucas [77]: i) weak barriers like small bubbles, loops, vacancy clusters with a. < 0.25,
il) intermediate barriers such as Frank loops with 0.33 < a< 0.45, and iii) strong barriers such
as voids and large precipitates with a~ 1 obstacles. Taking the average number density for the
observed loops, the equations (6 ) and ( 7 ) yields AH = 0.85GPa if a = 0.2 (case of small
loops is steels [77,78]) or , AH = 1.7GPa if o = 0.4 (case of Frank loops is steels [77,78]).
Comparison with the radiation induced hardening data from Table 2 implies that that between
about 1.4 and 2.4 GPa of hardness increase should originate from the other radiation induced
obstacles, not observed by TEM and potentially related to helium. To analyse this, we
considered two marginal scenarii: i) helium is homogeneously distributed in beryllium and
cause solid solution hardening; ii) helium agglomerates and creates clusters with vacancies
which act as barriers for dislocation movement.

In the case (i), it is possible to estimate the solid solution hardening using the equation

proposed by Fleischer [79]:
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where, § is a parameter characterising interaction between solute atoms and dislocations
and- ¢y, is a concentration of helium atoms. With the Taylor factor M =4.3 [76], shear
modulus 2 =132.8 GPa[37,38],8 = 1 [24] and - ¢y, = 2 X 1073, equation (8) and ( 7) yield
AH = 0.1GPa. This is one order of magnitude less than the anticipated contribution from
helium; therefore, the observed hardening cannot be attributed to solid solution hardening by
helium atoms.

The dispersed barrier hardening model (equation ( 6 )) can be used to estimate hardening
from helium bubbles. As no bubbles were observed by TEM we assumed that the hypothetical
bubbles should have diameter less than 3 nm as this is the approximate size of the first bubbles
observed in beryllium containing 2000 appm of helium during in-situ annealing inside TEM at
350°C [80]. Considering this size range, we estimated the corresponding number density of
bubbles which can be created by 2000 appm of helium atoms. The approach was based on
comparison of the expected pressure in bubbles depending on the properties of the materials
(surface tension, shear modulus and Burgers vector) with the calculated pressure in bubbles of
a specific size expected from the ratio between helium atoms and vacancies described by the
equation of state. From one hand, assuming spherical bubbles, pressure (P) inside helium
bubbles should be bound by the inequalities [81]:

2 2y + ub
—ySPS rer (9)
T T

where 73 is the radius of the bubble and y = 1.83 J/m?is [82] the bubble surface tension,
u=132.8 GPa is the shear modulus [37,38], » =0.228 nm is the Burgers vector [25]. The
lower boundary is determined by the equilibrium pressure in a bubble of gas determined by
Young-Laplace equation, and the upper boundary is determined by the loop-punching stress

at which pressure in growing bubbles is relieved by “punching out” dislocation loops [81]. This
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calculations show that the pressure in bubbles may vary from 2.3 GPa to 21 GPa for the bubbles
with r3 = 1.5nm, and increases to the range from 14 GPa to more than 70 GPa for rz =
0.25nm.

From another hand, the ratio between the pressure, quantity of helium atoms and size of a
bubble (i.e. number of vacancies in the bubble) can be described by the equation of state. In
this work we used the Benedict equation of state [83] parametrised by Mills, Liebenberg, and
Bronson [84] as this approach demonstrated good results in predicting helium bubbles

behaviour in tungsten [81]. The equation has a form of:

4 L 2
= fi(TP73 + f,(T)P™3 + f5(T)P™ (10)

He

where V' is a volume of a spherical bubble, ny, - number of helium atoms in a helium
bubble, and £, (T), f,(T) and f;(T) are the functions dependent on the temperature, the details
and parameters of which can be found in [84]. The volume of the bubble may be approximated
as [81]:

4mrg
V:nvg: 3 (11)

where 2 = 8.09 x 103nm™~3 is the atomic volume of beryllium and n, - number of
vacancies in a bubble.

Combination of equations (9 ), (10) and ( 11 ) allowed estimation of the ranges of ratio
between bubbles radii and quantity of helium atoms in the bubbles (Figure 11a). The range of
about 1300 to 1660 He atoms per bubble is excepted for r3 = 1.5nm (n, = 2000), this
decrease to ny, =~ 400 to 800 for r3 = 1.0nm (n, = 530) and ny, =~ 60 to 125 for rpz =
1.0nm (n, = 65). The presented numbers were calculated for the room temperature (RT) and
there was only a little difference (<6% for the average ny, values) between data at RT, 50°C
and 200°C. The average quantity of helium atoms per bubble as a function of quantity of

vacancies (bubbles size) can be estimated by the generated equation: ny, = 2.8n9%7.
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Figure 11. (a) Correlation between quantity of helium atoms in the bubble and the size based
on the Benedict equation of state; (b) calculated contribution of helium bubbles into the
radiation hardening for different sizes and different obstacle strength factors.

Considering the implanted 2000 appm of helium and quantity of helium atoms per bubble
of a specific size from Figure 11b, it is possible to estimate the range of the corresponding
number densities of the bubbles: about 1.2x10% and 1.9x10% m™ for bubbles with radii of 1.5
and 0.25 nm correspondently. The calculated number densities were used for estimation of the
induced hardening (equations ( 6 ) and ( 7 )). The results of the expected helium bubbles
contribution into hardening AH are summarised by the ed area in Figure 11b for the case the
obstacle strength factor a = 0.2 (weak obstacles after Lucas [77]). As between 1.4 and 2.4 GPa
is expected from these objects, it is possible to note that with the chosen calculation parameters,
this corresponds to relatively large bubbles with the radius of 0.8 - 1.5nm. However, as
demonstrated in [78], the strength factor of cavities is highly dependent on the size and for the
case of stainless steel may decrees to the values of a = 0.02...0.1 if the cavities are smaller than
2 nm in diameter. The value of a.= 0.1 was also deduced for the helium bubbles with diameters
of 1-1.5 nm in irradiated ferritic-martensitic steels [85]. The results of the expected helium

bubbles contribution into hardening AH for a.= 0.1 are demonstrated by the grey area in Figure
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11c, and the observed 1.4 and 2.4 GPa hardening will correspond to the helium bubbles with
the radii in the range between about 0.4 and 1 nm.

Considering the obtained distribution of hardening for the bubbles of different sizes, it is
possible to suggest that the differences between hardening at 50 and 200°C observed in our
work could be explained by differences in spacing between the bubbles (i.e. number density of
bubbles and their size), i.e. bubbles after 200°C implantation are larger than after the 50°C
implantation, but still below the TEM resolution (1- 2 nm in diameter). It is also should be
added that the ratio between vacancies and helium atoms may alter the bubbles strengthening
factor a. For example, as it was shown by Schaublin and Chiu [86] in the case of bcc iron, a
2 nm He bubble is a weak obstacle when the He content is low, at 1 to 2 He atoms per vacancy,
but beyond 2 He atoms per vacancy, the resistance of the He bubble increases with increasing
He content (and pressure) and at 5 He atoms per vacancy, the He bubble becomes a much
stronger obstacle. While, no detailed investigation of helium bubbles strengthening factors in
beryllium is known, the scenario that increase of helium to vacancy ratio may increase strength
factor of bubbles is likely. Due to this, it is possible to suggest that bubbles in the samples
irradiated at 50°C may have higher H/V ratio (and potentially, higher strengthening factor) that
the bubbles in the samples irradiated at 200C. This suggestion also complies with our Raman
spectroscopy measurements. We observed that the samples after helium implantation at 50°C
have higher surface tensile strains than the samples after 200°C implantation. Similarly, surface
tensile strains have been observed synchrotron X-ray micro-diffraction by Hofmann et al. [87]
in helium-implanted tungsten (RT, 3000 appm, 0.2 dpa). Using the relaxation volumes of
defects derived from DFT, authors [87] demonstrated that the tensile strains were caused by
self-interstitial atom defects which did not recombine with vacancies due to the presence of
helium and creation of He;V. The relaxation volumes of vacancies, interstitials and their

complexes with helium in beryllium are unknown and require additional numerical modelling
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investigation, however following the results in [87], it is possible to assume that the SIA have
positive relaxation volume (relaxed volume of the supercell containing SIA is larger than the
volume of the perfect cell), vacancies have negative relaxation volume and He-V complexes
may have either positive or negative relaxation volume and increase of H/V ratio should lead
to increase the relaxation volume. In the case of our experiment, after helium implantation at
both temperatures the downshift may indicate dominance of defects with the positive relaxation
volume: SIA and their complexes, or, following the example of tungsten [87], complexes of
vacancies with helium with high He to vacancy ratio (more than 3 in the case of tungsten [87]).
Therefore, it is possible to suggest that the difference in magnitude of the band shift may
indicate a larger concentration of crystal defects with the positive relaxation volume
(complexes of SIA) and/or higher He to vacancy ratio in bubbles. Both scenario agrees with
the observed increased irradiation induced hardening of the lower temperature irradiated
samples.

The increased radiation induced hardening of the lower-purity grade after exposure at
200°C may possible originate from an influence of impurities on redistribution of helium or
point defects, however, creation of impurity clusters which act as obstacles for dislocations
could be also considered. The chemistry effect on radiation resistance of beryllium was never
systematically studied, and the available data is scattered. For example, similarly to our
observation, Kupriyanov et al [55] demonstrated that after neutron irradiation in CM-3 reactor
at 130-180°C the lower purity TIP-30 and TE-30 beryllium grades experienced a higher
radiation-induced increase of the yield strength than the higher purity TshG-56. However, the
results of Snead [73] demonstrated lower irradiation induced hardening of the lower purity PO
grade than of the higher purity S-65C grade irradiated in the high flux beam reactor (BNL) at

temperatures between 105 and 275°C.
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Currently, the high purity S-65C grade has been selected as the reference plasma-facing
material in ITER on the basis of its excellent thermal fatigue and thermal shock behavior, and
a good available database on its properties [7]. Our results support this choice, demonstrating
that at a helium content that corresponds to the end-of-life of plasma-facing beryllium in ITER
[16], the properties of this grade exhibit higher radiation stability, e.g. smaller radiation-
induced hardening than the lower purity grade. However, the mechanism(s) responsible for this
are not known. A detailed fine scale high resolution TEM analysis, complimented by fine scale
chemical analysis, for example with Atom Probe Tomography, and preferably Positron
Annihilation Spectroscopy to elucidate the helium atom distribution, would be required to
understand the hardening mechanisms from individual features in the irradiated microstructure.

The results are also important for the particle accelerator community. The irradiation
conditions and hardening effects used is this study represent the average operating temperatures
of beryllium windows in the operating NuMI beamline (50°C) [18] and the currently-designed
LBNF (200°C) [9,10]. So far, the high purity PF-60 grade (similar purity to S-65, but with
different grain size and texture) has been successfully used as a beam window material in the
NuMI beamline, accumulating during operation up to 2000 appm of helium [18]. The result of
this work demonstrate that in the future LBNF, the similar pure grade exposed to comparable
doses to NuMI, but at higher temperature (200°C), should undergo smaller radiation-induced
hardening and that accumulation of up to 3000 appm of helium at this temperature does not
lead to creation of cavities or bubbles (including at grain boundaries) which are known be often

responsible for the severe loss of ductility in beryllium.

5. Conclusion
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Two industrial beryllium grades, higher-purity S-65 and lower-purity S-200-F, were

investigated in the as-received state and after helium implantation at 50 and 200°C. The main

conclusions that can be drawn from this work can be summarized as:

At both temperatures in both grades, under TEM investigation the radiation
damage appears as “black dots” (<10 nm in diameter) which are likely to be small
dislocation loops with the number density of ~ 102 m=. No bubbles were observed
inside grains and at grain boundaries.

The lower-purity S-200-F grade has higher average hardness (3.7+£0.8 GPa) than
the S-65 grade (3.4+0.8 GPa) in the as-received state and remained harder after
helium implantations. In both grades the implantation at 50°C almost doubled the
average hardness, and at 200°C led to a 60% hardness increase, compared to the
average hardness of the unimplanted material.

By combining nanoindentation with EBSD it was possible to separate out the
influence of crystal orientation on hardness. In the as-received materials the
hardness is about 2.5 times higher when the indentation direction is close to the
[0001] c-axis of beryllium, compared to indentation perpendicular to [0001].
Grades with “soft orientation” were most sensitive to radiation induced hardening,
which increased almost 3 times after 50°C implantation and 2 times after exposure
at 200°C. The higher purity grade S-65 had a 12% smaller increase of the “soft
orientation” hardness at 200°C then the less S-200-F. Hardness anisotropy
significantly decreased after helium implantation as “hard orientation” hardness
values were less affected by radiation .

Near-indentation surface topography, which is not accounted for in the standard
“Oliver-Phaar” analysis, can have a strong influence on the extraction of true

hardness values from nanoindentation data. A combination of nanoindentation
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with EBSD, to give a contact area correction, is an important procedure in such
cases, for example here in the investigation of radiation damage effects in different
beryllium grades.

e Topography mapping of indentation prints demonstrated that localised surface
deformation around indents (pile-up and sink-in) is highly crystallographically
dependent in the as-received state (sink-in behaviour dominated in hard grains
close to the c-axis while pile-ups dominated in soft grains orthogonal to the ¢ axis).
After implantation this crystallographic dependence of topography is less
prominent and either pile-ups or sink-ins may be observed. TEM and Raman
microscopy indicate that whether either pile-ups or sink-ins occur in a particular
specimen can be related to the detailed layered substructure of the implanted
material: when the surface layer is softer (with smaller helium content) pile-ups are
mainly observed, while in the opposite case (harder surface layer with higher
helium content) sink-ins are dominant.

e Analysis of the possible hardening contribution demonstrated that the “back dots”
at calculated number densities could be responsible for up to half of the observed
hardening, while the rest should originate from helium bubbles with the size below
the TEM resolution (<I...1.5 nm). It is expected that the bubbles are relatively
weak obstacles with the strengthening factor a< 0.2. Solid solution hardening by
helium atoms is unlikely to significantly contribute to the observed hardness

increase.
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