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a b s t r a c t 

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 grade and less-pure 

S-200-F 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 3 μm irradiated layer with average radiation damage of 

0.1 dpa and average He content of 20 0 0 appm. 

Nanoindentation experiments demonstrated that before irradiation, the S-200-F and S-65 grades have an 

average hardness of 3.7 ±0.8 GPa and 3.4 ±0.8 GPa correspondently. After implantation the hardness of 

both grades increased by about 60% for the 20 0 °C irradiation and 10 0% for the 50 °C irradiation. The crys- 

tallographic analysis of indented grains demonstrated that in the as-received materials the hardness is 

about 2.5 times higher when the indentation direction is close to the [0 0 01] c-axis of beryllium com- 

pared to indentation perpendicular to [0 0 01]. Hardness anisotropy significantly decreased after irradia- 

tion: the “soft orientation” was most sensitive to irradiation-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. The higher purity grade had smaller increase 

of the “soft orientation” hardness: 2.5 ±0.3 GPa for the S-65 and 2.9 ±0.2 GPa for the S-200-F. 

At both temperatures in both grades, under TEM investigation the radiation damage appears as “black 

dots” which are likely to be small dislocation loops with the number density of ~ 10 22 m 

−3 . No bubbles 

were observed by TEM inside grains and at grain boundaries. Analysis of the possible hardening contri- 

bution demonstrated that the observed “black dots” could be responsible for up to half of the measured 

hardening, while the rest of the hardening should originate from helium bubbles with the size below the 

TEM resolution (at or below 1.5 nm). 

© 2021 The Authors. Published by Elsevier B.V. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Due to a unique combination of mechanical and physical prop- 

rties, beryllium is extensively used in a wide variety of nuclear 

acilities. For example, due to its high thermal conductivity, low 

hemical sputtering and oxygen gettering properties [1] , beryllium 

s a plasma facing material (PFM) for the Joint European Torus 

JET) tokomak [ 2 , 3 ] and the future ITER fusion test reactor [ 4 , 5 ].

eryllium is also being considered as a neutron multiplier mate- 
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ial in the helium-cooled pebble bed (HCPB) design concept for the 

ritium-breeding blanket of the demonstration fusion power plant 

DEMO) [ 6 , 7 ]. Due to its low nuclear interaction cross-section, 

eryllium is an excellent material for particle-beam windows, and, 

or example, was successfully used as a primary beam window in 

eutrino production targets of the "Neutrinos at the Main Injector" 

NuMI) beamline [8] . It is also being considered as a material for 

ifferent tar get com ponents in a new generation of proton acceler- 

tor driven particle sources such as, for example, the Long Baseline 

eutrino Facility (LBNF) [ 9 , 10 ]. 

In comparison to other nuclear materials, beryllium exhibits an 

xtremely high transmutant helium accumulation rate. For exam- 
nder the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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le, it is between 110 and 220 appm/dpa in the beryllium reflec- 

or of the ISIS neutron source (RAL, UK) and can reach 380 He- 

ppm/dpa under neutron irradiation in fission reactors [11–13] . For 

omparison, a typical appm/dpa ratio for iron under neutron irradi- 

tion in fission pressurized-water reactor (PWR) is 0.35 appm/dpa 

14] and for tungsten under neutron irradiation in fission high 

ux isotope reactor (HFIR) it is 0.0 0 08 appm/dpa [15] . In fusion

eactors, beryllium will accumulate helium with the rate of 670 

e-appm/dpa [14] leading to build-up of 1,500 He-appm at ITER 

nd-of-life [16] and more than 15,0 0 0 He-appm at DEMO end-of- 

ife (HCPB concept) [17] . Even higher helium accumulation, up to 

0 0 0 He-appm/dpa, takes place in beryllium in high energy pro- 

on irradiation environments, for example in neutrino sources [18] . 

oth helium accumulation and displacement damage effects in 

eryllium are known to be highly irradiation-temperature depen- 

ent: for temperatures less than 400 °C, irradiation induced hard- 

ning accompanied by a drop in plasticity is usually observed, 

hereas severe non-hardening embrittlement is observed for high- 

emperature irradiation [19–22] . It is generally considered that the 

etermining mechanisms here are strengthening of the beryllium 

atrix by point defect clusters and helium accumulation at low 

emperatures; and helium segregation to grain boundaries at high 

emperatures [ 12 , 22–24 ]. 

Industrial purity beryllium grades used in nuclear facilities con- 

ain a wide variety of trace impurities, typically oxygen, iron, alu- 

inium, nickel, copper, silicon, carbon and magnesium. The major- 

ty of these impurities have very limited solubility in beryllium, 

nd have strong tendencies to create precipitates and to segre- 

ate to defects such as grain boundaries or dislocations [ 18 , 25 ].

hile the effects of different impurities on mechanical properties 

f beryllium have been extensively studied in the past (see reviews 

 7 , 25 ] and references sited), the mechanisms underlying these pro- 

esses are not always well understood. Moreover, data about the 

ffects that impurities have on evolution of mechanical properties 

nder irradiation is very limited, especially under the extreme con- 

itions relevant to beryllium components of fusion reactors and 

article accelerators. 

The work reported here compares hardening introduced by he- 

ium implantation in two industrial beryllium grades: the high pu- 

ity nuclear grade S-65 and the lower-purity structural grade S- 

00-F. The S-65 grade is being used as a plasma-facing component 

n Joint European Torus fusion experiment [3] and was selected as 

he reference material for use in ITER [7] . The S-200-F grade is also

sed in nuclear facilities, for example for beryllium frames and re- 

ector elements in the Japan Materials Testing Reactor (JMTR) at 

AEA [26] . 

We report data on hardening of beryllium after irradiation at 

0 °C and 200 °C. The temperatures represent the lower boundary 

f the expected irradiation temperatures in Be for ITER first-wall 

pplications, typical irradiation temperatures of the beryllium in 

he operating NuMI neutrino target [18] and the currently designed 

BNF [ 9 , 10 ]. Considering the literature data [19–22] , for both tem-

eratures the “irradiation induced hardening” regime should dom- 

nate. Available experimental data on radiation damage effects in 

eryllium are mostly collected from materials irradiated by fis- 

ion reactor neutrons. However, the applicability of the data for 

usion reactor applications and accelerator driven particle sources 

s uncertain, since fission-spectrum neutrons do not induce suffi- 

ient levels of transmutation-produced helium [11–13] . In the cur- 

ent work, an ion beam accelerator was used to introduce radia- 

ion damage and about 20 0 0 appm He, relevant to both fusion and

ccelerator applications and giving also the advantage of fast and 

elatively inexpensive materials irradiation without activating sam- 

les. 

Nanoindentation is widely used for evaluation of local mechan- 

cal behaviour of materials at micro-scale and is particularly useful 
2 
or ion irradiated materials where only a shallow damaged layer 

s available. It has been successfully used for screening of irradi- 

tion induced hardening in different nuclear materials, including: 

erritic-martensitic [27–29] , austenitic [30] and RPV [31] steels, 

DS alloys [32] and tungsten [ 33 , 34 ]. No nanoindentation data on 

adiation hardening of beryllium is available in the literature; how- 

ver the applicability of the technique to examine the effects of 

mpurities on the hardness of beryllium was recently demonstrated 

35] . 

Micro and macro-hardness examinations of beryllium often 

how significant scatter of indentation results [ 35 , 36 ] that may 

omplicate the determination of radiation-induced hardening ef- 

ects. This originates from the high elastic and plastic anisotropy 

f beryllium [ 25 , 37 ]: the room temperature (RT) critical resolved 

hear stresses for < a > basal slip (the primary slip system at RT) 

s 15 MPa, for the < a > prismatic systems is 68 MPa and the sec-

ndary < c + a > pyramidal systems is 20 0 0 MPa [ 37 , 38 ]. Previous

xperiments [ 35 , 39 , 40 ] showed that indentation hardness coupled 

ith crystallographic data from EBSD or XRD is a useful approach 

or comparing the effects of different treatments on beryllium. This 

pproach is used here, with special attention being paid to the mit- 

gation of any artefacts originating from localised plastic deforma- 

ion of the surface around the indents (so-called pile-ups and sink- 

ns) which can significantly affect interpretation of nanoindenta- 

ion data in beryllium [35] . 

The paper is structured as follows. First, the investigated beryl- 

ium grades, irradiation conditions, the nanoindentation hardness 

xperiments and data treatment approaches are described. Then, 

he microstructure of the implanted layers is shown and discussed. 

efore hardness values are calculated, indentation contact areas 

or different sam ples and different crystallographic orientation of 

rains are analysed, considering any pile-up and/or sink-in, and 

he tip-indented surface contact area coefficients are reported. The 

esulting correction parameters are then used to calculate the 

anoindentation hardness of beryllium grains of different purity 

nd different crystallography before and after irradiation. After, the 

oad - indentation depth curves from different beryllium states 

material grade, irradiation condition) are presented and the pop- 

n events (horizontal plateaux observed on the load-displacement 

t some at some critical loads) are characterised to highlight dif- 

erences between different states of the materials. This is followed 

y a general discussion of the origins of the observed irradiation 

nduced hardening and the applicability and significance of the ob- 

ained data for engineering design considerations for nuclear facil- 

ties with beryllium elements under irradiation. 

. Materials and techniques 

.1. Materials 

Two vacuum-hot-pressed industrial beryllium grades were in- 

estigated in this work: a high purity nuclear grade S-65 (Be > 

9.2%) [41] and the lower purity structural grade S-200-F (Be > 

8.5%) [42] . Microstructures of both types are reported in Ref. [35] . 

he grades have similar average grain diameters of 7.2 ± 4.4 μm 

35] . Our previous STEM/EDS studies of beryllium [18] showed that 

rain boundaries of both grades are decorated by numerous precip- 

tates enriched by oxygen, aluminium, iron, silicon, magnesium, ti- 

anium and other impurities, while the grain cores are mainly free 

f precipitates. 

.2. Irradiation conditions 

Before helium implantation, surfaces of samples were mechan- 

cally ground and polished with SiC paper, diamond paste and 

nally colloidal silica. To avoid sputtering of beryllium during 
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Fig. 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. 
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mplantation, a 1 μm layer of aluminium was deposited by sput- 

er coating at the surface of samples. The aluminium layer was re- 

oved after implantation by polishing in colloidal silica. 

Implantation was done at the National Ion Beam Centre (NIBC) 

t the University of Surrey. Sequential irradiation with He + ions 

ith eleven energies from 1.2 MeV down to 0.2 MeV with steps of 

.2 MeV was used to create approximately a 3 μm deep damaged 

ayer, as calculated with SRIM (Stopping and Range of Ions in Mat- 

er) [ 43 , 44 ]. Totally, 8.8 × 10 20 (He)atoms/m 

2 were implanted. The 

rradiation dose calculation was done using a displacement thresh- 

ld energy of 31eV [45] and the ‘‘Quick’’ Kinchin and Pease option. 

he calculated average damage is 0.1 dpa with an average dose rate 

f 1.7 × 10 −4 dpa/s. The average helium content in the damaged 

ayer is 20 0 0 appm; however there are wide oscillations around 

he average value (see Fig. 1 ). 

.3. Experimental techniques 

Indentations were conducted using a Keysight G200 nanoin- 

entation system, with a diamond pyramid Berkovich tip, using 

he continuous stiffness measurement (CSM) technique [46] with 

 42 Hz and 2 nm oscillation. The frame stiffness of the instru- 

ent and indenter tip was calibrated using a fused silica sample. 

n atomic force microscope Dimension D3100 was used for topo- 

raphical investigation of the prints after indentation. The surface 

rofiles were then obtained using the open source software Gwyd- 

ion [47] . These profiles were used to calculate the contact area 

etween the indenter tip and the sample surface. 

The nanoindentation hardness was calculated as 

 = P/A (1) 

here A is the projected contact area between indenter tip and 

he sample at load P [48] . Two approaches were used for quan- 

ification of the contact area A : i) the method proposed by Oliver 

nd Pharr [46] which forms the basis of the indentation testing 

tandard [48] and ii) the method which uses the actual tip-surface 

ontact area, corrected for effects due to pile-ups and/or sink-ins 

49] . In the standard method proposed by Oliver and Pharr [46] the 

ontact area is determined from the tip area function A ( h c ) that 

xpresses the indenter’s cross-sectional area in terms of the con- 

act depth, h c . The contact depth, h c = h max − h s , is the difference 

etween the measured total penetration of the tip into the sur- 

ace , h max , and the elastic surface displacement, h s . The elas- 

ic displacement is calculated using the Oliver-Pharr model [46] : 
3 
 s = ε P max 
S , where P max is the measured maximum load, S is the 

ontact stiffness, which is computed as the slope of the unloading 

urve continuously evaluated in the CSM mode, and ε is the tip 

eometry coefficient (0.75 for a Berkovich tip) [50] . 

In the second method, the standard Oliver-Pharr algorithm for 

ontact area calculation was modified in order to take into ac- 

ount the influence of the plastic deformation on the sample sur- 

ace around indents during loading. The method is based on the 

pproach proposed by Kese [49] and modified to include sink-ins 

ffects [35] . The method requires experimental measurement of 

he indent profile through the central point of indentation and the 

entre of each edge. Where pile-up is observed, the contact be- 

ween the indent and the pile-up is determined and is then pro- 

ected onto the direction of the free surface normal, giving the 

ile-up height. The contact area of each pile-up is then approxi- 

ated as a semi-ellipse, with the major axis equal to the length of 

he side of the projected triangular area of the indent print, and 

he minor axis being measured on the indent profile image as the 

rojected distance of the pile-up contact perimeter [49] . Similarly, 

o account for sink-ins, the reduction in contact area was also ap- 

roximated as a semi-ellipse, with a major axis calculated in the 

ame way, whereas the minor axis was measured on the indent 

rofile image as the projected distance between the sink-in con- 

act perimeter [35] . For the investigated indents the corrected pro- 

ected area, A corr , was calculated as the contact area determined by 

he Oliver–Pharr analysis [46] , A O −P plus (or minus) the area due 

o out-of-plane deformation near each edge for pile-ups (or sink- 

ns). In this paper H O-P refers to hardness values obtained with the 

liver-Pharr algorithm, whereas H C refers to hardness values ob- 

ained after the contact area correction. 

At least 200 indents were made for each sample with a tar- 

et maximum indentation depth of 400 nm. Surface position cor- 

ection was made for each indentation before data analysis. For 

onsistency, load data averaged between 320 and 360 nm indenta- 

ion depth were used for indentation hardness calculations, avoid- 

ng the depth range within which there is a strong indentation 

ize effect [ 27 , 50 ]. Crystal Plasticity FEM calculations for beryllium 

35] predict that the plastic zone beneath indents extends to a 

epth ~7 × larger than the Berkovich tip penetration depth. The 

elected penetration depth for hardness calculations is almost 10 

imes smaller than the thickness of the implanted layer, allowing 

inimisation of any possible influence of the non-irradiated sub- 

trate material on the radiation-induced hardening data. 
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Because of the high hardness anisotropy of beryllium [35] , in 

his paper indentation data are presented and discussed accord- 

ng to the angle between the indentation direction and the [0 0 01] 

xis of the indented grain, denoted as θ. To investigate the crystal- 

ographic dependence of nanoindentation hardness, EBSD analyses 

f the indentation arrays were made, using a JEOL 840A scanning 

lectron microscope equipped with the EDAX-TSL EBSD; OIM TSL 

oftware [51] was used for analysis of the EBSD data. Indents on 

r near to grain boundaries (no more than 2 μm away) were not 

onsidered in analysis. 

To investigate residual strains in samples after implantation and 

ossible effects on nanoindentation data, a confocal Raman imag- 

ng microscope (WITec alpha300 AR) has been used to acquire 

aman spectra and perform large area scans (3 mm × 3 mm). 

he analysis is based on determining the peak-shift correspond- 

ng to a E 2 g stretching band [52] in beryllium. The peak shift is 

aused by small changes to the short-range order in the atomic 

rrangement of the implanted material. Therefore, it is indicative 

o the micro-strains created by implantation. During the experi- 

ents firstly, the structural and strains heterogeneity evidenced 

y a change in the spectral pattern have been determined, and 

hen the main spectral components in homogeneous regions have 

een calculated. Thus, by accumulating a large number of pixels 

600 × 600 = 0.36 × 10 6 ), the position measurement error of the 

eryllium main peak is greatly reduced for the averaged spectral 

omponents. The TrueSurface feature enabled dynamic focusing of 

he confocal laser during scanning. Data acquisition was carried 

ut with the conventional charge-coupled device (CCD) camera in 

he low-noise high-intensity detection mode with a dwell time of 

.5 s per pixel using a green laser ( λ = 531.95 nm with an es-

imated penetration depth in beryllium of about 30 nm [52] ), a 

800 g/mm grating and a Zeiss EC Epiplan-Neofluar 50 × long- 

istance objective to accommodate for topography variation dur- 

ng scans. The laser power was set at 15 mW. The system was 

re-calibrated to maximise the intensity of the silicon main peak 

n a single crystal silicon reference sample. Resulting spectra were 

reated with a cosmic-ray removal procedure and a shape-based 

ackground subtraction algorithm in WITec Project FIVE 5.2 Plus 

ost-processing software. Where applicable, a Lorentzian function 

as used for peak fitting of the background-subtracted data. 

Samples for Transmission Electron Microscopy (TEM) were pre- 

ared by Focussed Ion Beam sectioning (FEI Helios NanoLab 600i). 

he 30keV Ga + ions have been used for lamellae lift-out and shap- 

ng and 5keV Ga + ions have been used for final thinning of lamel- 

ae. According to SRIM calculation, the final energy should create 

pproximately 10 nm deep surface damaged layers and as it will 

e shown later, this greatly hindered displacement damage effect 

rom helium ions implantation. 

Observation of the irradiated layer was performed with the 

EOL JEM-2100 TEM in the Materials Department of the University 

f Oxford. 

. Experimental results 

.1. Microstructure of the implanted layer 

The implanted layer was investigated by TEM. On bright-field 

mages radiation damage appeared in the form of “black dots” (less 

han 10 nm diameter) arranged in lines parallel to the surface of 

amples, as shown in Fig. 2 for the S-65 sample irradiated at 50 °C.

ig. 2 (a) shows that the dark lines correspond to the peaks in “dpa”

nd helium implantation ( Fig. 1 ), with energies from 1.2 MeV lo- 

ated in the lower right corner and nine lower energies down to 

.3 MeV in the upper left corner near the lift-out edge (see the 

imulated implantation profile in Fig. 1 ). These “black dots” are 

ikely to correspond to small dislocation loops or point defect clus- 
4 
ers. While the dark areas correspond to approximately 1.2 dpa and 

0 0 0 appm of helium, the relatively bright areas in the implanted 

ayer have approximately 0.8 dpa and 10 0 0 appm of helium. The 

hickness of the dark lines is about 150 nm, separated by similar 

hickness bright areas with smaller number of defects ( Fig. 2 (b)). 

ote that the displacement damage peaks should be 50 to 100 nm 

loser to the surface than the helium peaks, but this was not re- 

olved by TEM as there is no clear substructure of the dark bands. 

omparison with the microstructure below the 1.2 MeV implan- 

ation Bragg peak, where only FIB damage is present, shows that 

allium damage of the TEM samples during preparation by FIB cre- 

tes similar “black dots” in beryllium, so it was difficult to make 

ccurate quantitative analysis of the initial radiation exposure. As- 

uming homogeneous distribution of FIB induced loops and after 

ubtraction of this background, the estimated number density of 

oops was between 4 × 10 21 m 

−3 and 1 × 10 22 m 

−3 inside bright 

ands and between 2 × 10 22 m 

−3 and 5 × 10 22 m 

−3 inside dark 

ands. The damaged layers of the samples exposed at 50 °C and 

00 °C appeared very similar and no difference in substructure of 

he irradiated layers was noticed between two investigated beryl- 

ium grades. However, any differences could be being masked by 

IB damage. 

It should be also noted that in Fig. 2 , only 10 out of 11 im-

lanted layers are present since the first layer was polished-off

uring colloidal silica polishing of the aluminium coating after the 

mplantation, but as will be discussed later, this was not the case 

or all the implanted samples. 

Use of over-/under-focus imaging [53] did not reveal any ob- 

ects which could be identified as cavities or helium bubbles in 

ny of the investigated samples, including in grain boundary ar- 

as. Helium is therefore likely to be either in solid solution in the 

eryllium matrix or in a form of sub-nanometric bubbles too small 

o be resolved in TEM [53] . The observation are in agreement with 

ther experimental studies of beryllium after neutron irradiation 

 11 , 20 , 54–56 ] or helium implantation [24] where, due to the low

iffusive mobility of separate helium atoms or helium-based com- 

lexes, gas bubbles were not visible in TEM at temperatures below 

00 °C. It is also known that at very high helium contents ( > 25000

ppm) helium bubbles may be observed even at low temperatures 

n neutron irradiated [57] or helium implanted samples [58] , but 

his level is well above the helium concentrations investigated in 

his work. 

.2. Topography of indentation prints and contact area correction 

The elastic, plastic and strain-hardening properties of a mate- 

ial can affect whether material will either plastically pile-up (typ- 

cally observed when the most of the plastic deformation occurs 

ear the indenter) or sink-in (typically observed when the plas- 

ic zone is spread deeper into the specimen material) around the 

ndenter [ 50 , 59 , 60 ]; such topographical changes can significantly 

hange the contact area between the indenter tip and surface. This 

eformation is not accounted for in the standard method of con- 

act area determination proposed by Oliver and Pharr [46] , so with 

his method the calculated indentation hardness would be too high 

f pile-up occurs (as the real contact area is greater than that calcu- 

ated from the indenter profile and penetration depth) and too low 

hen sink-in occurs (when the real contact area will be less than 

he calculated one). To estimate the out-of-plane plastic deforma- 

ion of beryllium and hence to improve the analysis of the load- 

isplacement data to give a true value of indentation hardness, di- 

ect imaging of the residual impressions was performed. Between 

5 and 19 topography maps of indentation prints were made with 

FM for each irradiated sample to cover the full range of inden- 

ation orientations for every investigated sample. Mapping was 
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Fig. 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). 
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erformed for the indents where the crystallographic orientation 

f the indented areas was confidently known (i.e., inside grains). 

Fig. 3 shows examples of topography maps around indents into 

ifferently oriented grains in irradiated and non-irradiated sam- 

les. In the majority of indents plastically deformed surface zones 

ere observed well outside the area of the final tip penetration. 

ig. 4 shows changes in contact area between the indenter and the 

ample due to pile-ups and sink-ins, as a function of indentation 

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

 = 

A corr − A O −P 

A O −P 

(2) 

Here, A corr is the measured projected contact area and A O-P is 

he “ideal” contact area calculated from the indenter penetration 

sing the Oliver-Pharr method. 

The effects of pile-ups and sink-ins in non-irradiated beryllium 

ave been reported by us previously [35] . It was shown that the 

ile-up / sink-in behaviour depends highly on the crystallographic 

rientation of the indented grain. For indentations into grains with 

urface normal close to [0 0 01] ( θ < 15 ◦) (hard orientations) sink-

ns were predominant, as shown by the yellow “halo” around the 

ndenter print in Fig. 3 (a). The corresponding correction coefficient 

 was measured to be in the range of approximately -0.1 to -0.2. 

ndentation into grains with higher θ produced both sink-ins and 

ile-ups, appearing as hills with height up to 250 nm on opposite 

ides of the indentation pit (see Fig. 3 (c-d)). The contribution of 

ile-ups in determining the real contact area increased with θ , and 

o the correction coefficient C gradually increases with indentation 

ngle, reaching + 0.25 for indents into grains with surface normal 

rientated perpendicular to [0 0 01]. This variation of C with grain / 

ndenter orientation for unirradiated Be is indicated by the shaded 

rea in Fig. 4 . 

Pile-up behaviour was very different in the irradiated samples 

f both material types. After irradiation at 50 °C, pile-ups domi- 

ated in all the mapped indents for all the crystallographic orien- 

ations of the indented grains as shown in Fig. 3 (i - l) and no sig-

ificant difference in behaviour of the two investigated grades was 

oticed. The corresponding average correction coefficients (black 

pen markers in Fig. 4 . ) were around + 0.15 for θ up to 30 °, in-
5 
reasing slightly to a maximum of about + 0.2 for θ between 40 °
nd 60 °, and decreasing to + 0.1 for θ close to 90 °. 

Similarly, pile-ups dominated in the indents in the S-200-F 

rade irradiated at 200 °C ( Fig. 3 (e - h)), but the overall contribu-

ion into the contact area was smaller with an average correction 

oefficient of about + 0.1 for small θ , a maximum of + 0.15 for θ
etween 40 ° and 60 ° and a minimum of + 0.07 for θ close to 90 °. 

The S-65 sample irradiated at 200 °C showed more complicated 

ehaviour: in the area initially studied ( Fig. 3 (e - h)), denoted as 

Zone 1”, sink-ins ( Fig. 3 (e - h)), rather than pile-ups, dominated 

he material’s indentation behaviour and correction of contact area. 

ecause of this discrepancy, a smaller array of 75 indents was 

ade in a different area of the sample (“Zone 2”), in which, sim- 

larly to other irradiated samples, pile-ups dominated behaviour 

round the indents ( Fig. 3 (e – h). As is shown by blue markers 

n Fig. 4 , in “Zone 1” of this sample the average correction coeffi- 

ient C was near 0 for small θ , had local maximum of about + 0.05

or θ between 30 ° and 40 ° and decreased to -0.1 for θ close to 

0 °. In the second area (“Zone 2” in Fig. 4 ), the correction coeffi- 

ient distribution was very similar to that observed for the S-200-F 

rade irradiated at the same temperature, with a somewhat lower 

ocal maximum in C of about + 0.1 for θ between 30 ° and 60 °. The

election of the area for the second array was based on study of 

ost-irradiation microstructures and their dependence on sample 

reparation and is discussed later in section 3.4. 

.3. Nanoindentation hardness 

Hardness values for all of the investigated samples were calcu- 

ated accounting for the contact area correction, using the mea- 

ured pile-up and sink-in contribution coefficient C from Fig. 4 , 

ombining Eqs. (1) and (2) : 

 c = 

H O −P 

C + 1 

(3) 

here H O −P was extracted from the nanoindentation test data us- 

ng the standard Oliver-Pharr method [46] . As was shows in our 

revious work [35] , for unirradiated materials, the averaged cor- 

ection coefficient as a function of indentation angle θ (in degrees) 

etween the c axis of the grain and the loading direction can be 
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Fig. 3. Examples of topography maps of 400 nm indents for S-65 and S-200-F grade in the as-received condition and after He implantation at 50 °C and 200 °C 

fi

C

w

d

a

d

C

m

tted to a linear function: 

 = a 1 θ + a 0 (4) 

here coefficients a 1 = 0.0035 and a 0 = −0.123 for the chosen in- 

entation depth range [35] . To account for the more complex vari- 

tion of C with orientation in the irradiated materials, a fourth- 
6 
egree polynomial function was used: 

 = a 4 θ
4 + a 3 θ

3 + a 2 θ
2 + a 1 θ + a 0 (5) 

Best-fit values of the coefficients and the coefficients of deter- 

ination R 2 are given in Table 1 . 
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Fig. 4. Distributions of the contact area correction coefficient for different crystal orientations in as-received conditions [35] and after irradiation at 50 °C 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 

Table 1 

Fitting coefficient ( a 0 to a 4 ) and coefficients of determination R 2 for averaged correction coefficient as a function 

of indentation angle θ 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 

Non irradiated S-65 

and S-200-F (from 

[35] ) 

S-65 and S-200-F 

irradiated at 50 °C 

S-200-F 

irradiated at 

200 °C 

S-65 irradiated at 200 °C 
Zone 1 

(sink-ins) 

Zone 2 

(pile-ups) 

a 4 3.09 × 10 −08 2.5 × 10 −08 1.34 × 10 −08 6.21 × 10 −09 

a 3 -6.02 × 10 −06 -4.45 × 10 −06 -2.32 × 10 −06 -1.14 × 10 −06 

a 2 3.47 × 10 −04 2.08 × 10 −04 8.56 × 10 −05 4.66 × 10 −05 

a 1 3.5 × 10 −03 -5.72 × 10 −03 -1.23 × 10 −03 2.48 × 10 −04 -2.05 × 10 −04 

a 0 -1.23 × 10 −01 1.74 × 10 −01 9.06 × 10 −01 1.13 × 10 −02 1.05 × 10 −01 

R 2 0.72 0.60 0.83 0.61 0.45 

Fig. 5. Average nanoindentation hardness from 2 beryllium grades before and after helium implantation ant 50 °C and 200 °C. (a) – contact area corrected values vs (b) –

obtained by standard method. 
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As anticipated, significant scatter in the hardness values was 

bserved in both investigated beryllium grades. The data exhibit 

n extremely broad distribution, with values ranging from 2 to 

.5 GPa before irradiation, from 4.5 to 7.5 GPa after 200 °C im- 

lantation and from 5.8 to 8.2 GPa after 50 °C implantation. Fig. 5 

hows the averaged nanoindentation hardness values for tests per- 
7 
ormed in grain interiors only in as received and implanted sam- 

les and compares values before and after contact area corrections. 

he numeric values describing the observed trends are summa- 

ized in Table 2 . The S-200-F has about 8% higher average hardness 

han the S-65 grade in as-received state and remained harder af- 

er helium implantations. The implantation at 50 °C almost doubled 
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Table 2 

Nanoindentation, microstructural and chemical composition data from two beryllium grades before and after helium implantation. 

S-65 S-200-F 

H O-P 
1) H C 

2) H O-P H C 

As-received 

[35] 

He implanted As- 

received 

He implanted As- 

received 

He implanted As- 

received 

He implanted 

at 50 °C at 200 °C at 50 °C at 200 °C at 50 °C at 200 °C at 50 °C at 200 °C 

Average hardness inside grains, GPa 3.5 ±0.6 7.3 ±0.5 5.6 ±0.9 3.3 ±0.8 6.4 ±0.4 5.6 ±0.7 3.9 ±0.5 8.0 ±0.7 6.6 ±0.5 3.7 ±0.8 7.2 ±0.6 6.0 ±0.5 

Radiation hardening �H, GPa - 3.8 ±0.8 2.1 ±1.1 - 3.1 ±0.9 2.3 ±1.1 - 4.1 ±0.9 2.7 ±0.8 - 3.5 ±1.0 2.3 ±0.9 

Average hardness, GPa 3.7 ±0.6 7.4 ±0.6 5.6 ±0.8 - - - 4.1 ±0.5 8.0 ±0.7 6.6 ±0.6 - - - 

H min 
3) ( ⊥ to [0001]), GPa 2.8 6.9 4.6 2.5 6.15 5.1 2.8 7.3 6.0 2.8 6.6 5.7 

H max 
3) ( ‖ 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 3) , % 99.0 98.5 

Main impurities 4) , appm O = 3260, C = 680, Fe = 130, Al = 170, Si = 145 O = 5450, C = 1150, Fe = 210, Al = 340, Si = 193, Mg = 130 

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

with Eq. (4) . 
3) Approximate values from data fitting to Boltzmann type sigmoidal curve 
4) The nominal chemical compositions of the grades, which specify maximum content of different impurities, (Materion Electrofusion Corporation) 

Fig. 6. Nanoindentation hardness from 2 beryllium grades for different crystallographic orientation, calculated with the: (a) corrected via profilometry data using Eqs. (4) and 

(3) ; (b) Oliver-Phar method [46] . 0 ° corresponds to indentation into the basal plane parallel to the [0 0 01] direction, 90 ° implies indentation perpendicular to [0 0 01]. Only 

data from grains with the assigned crystallographic orientation are shown (no data from indents on or close to grain boundaries). 
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e  
he average hardness and the irradiation induced hardening of the 

ower-purity grade was about 10% higher. The irradiation at 200 °C 

ed to 60% increase average hardness for both grades. However, this 

omparison in hardness values of different samples should be used 

ith caution since, as it is demonstrated in Fig. 5 and Table 2 , stan-

ard deviations of data are very large and it is between 6 and 24% 

or average hardness values and between 29 and 48% for the ir- 

adiation indued hardening values. Since this greatly complicates 

he grades comparison, a more detailed investigation of crystallo- 

raphic dependence of indentation results was performed and re- 

orted below. 

Note that the contact area correction led to about 10% decrease 

f the average hardness values and in general was slightly higher 

n the irradiated samples. It is important to note that while the av- 

rage non-corrected hardness of the S-65 grade (200 °C irradiation) 

n Zone 1 and Zone 2 was different, the contact area corrected 

alues were identical, highlighting the importance of the nanoin- 

entation artefacts mitigation for increasing accuracy of the exper- 

mental data. 

Fig. 6 shows the crystallographic orientation dependence of 

anoindentation data.. For all samples, the curves have sigmoidal 

ariation with indentation angle, with maximum and minimum 

ardness for indentation directions (test surface plane normals) 

arallel and perpendicular to [0 0 01] respectively. Tsuya [40] and 

ill and Jones [39] observed similar trends in micro- and macro- 

ardness tests of beryllium monocrystals. 
8 
Fig. 6 also compares area-corrected and O-P hardness distri- 

utions. In the non-irradiated samples, when corrected, the true 

ardness in “hard” orientations (θ close to 0 °) is higher than the 

ncorrected value, due to sink-ins, whereas the true hardness in 

oft orientations (θ close to 90 °) is lower than the uncorrected 

alue, due to pile-ups. Therefore, hardness values derived from the 

-P method underestimate the hardness anisotropy. A different be- 

aviour was observed in the irradiated samples. Since the pile-up 

 sink-in effects were less dependent on crystallography, the cor- 

ected hardness values were mainly simply shifted in magnitude 

rom the O-P values, only slightly affecting the measured hardness 

nisotropy. 

Before irradiation, the lower purity S-200-F grade had slightly 

igher hardness for the same crystallographic orientations than the 

igh purity grade S-65. This was especially noticeable for the “soft”

rientations (see Table 2 ). Since only limited data were available 

or indentations close to [0 0 01] 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 

asal and prismatic slip in beryllium is proportional to the impu- 

ity concentration as c 2 / 3 , (where c is the impurity concentration 

n wt%), so the less pure S-200-F would be expected to have in- 

reased in CRSS and thus higher hardness. 

In both grades and for both implantation temperatures the 

argest irradiation hardening effect was observed in “soft” ori- 

ntations perpendicular to [0 0 01] ( Fig. 6 ). Starting from 2.5 ±0.3
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Pa and 2.8 ±0.2 GP in as-received S-65 and S-200-F grades re- 

pectively, the hardness doubled after irradiation at 200 °C and 

as 130-140% higher after irradiation at 50 °C, as demonstrated 

y black (for the S-65 grade) and red (S-200-F grade) data points 

n Fig. 6 (b). In absolute values the irradiation induced hardening 

or the “soft” orientation after 50 °C irradiation in both grades was 

bout 3.7 ±0.3 GPa; and after 200 °C irradiation was 2.5 ±0.3 GPa 

or the S-65 and 2.9 ±0.2 GPa for the S-200-F. While the uncer- 

ainty of the data is still high, the measured hardness values imply 

 possible higher irradiation induced hardening of the less pure 

rade. After the 50 °C irradiation, the average hardness of the S- 

00-F was higher than of the S-65, but the crystallographic anal- 

sis demonstrated that this was due to a larger number of grains 

ith “hard” orientation being tested in the S-200-F. These effects 

emonstrate the importance of the use of crystallographic infor- 

ation in studies of the hardness of beryllium and other highly 

nisotropic materials. The “hard” orientation hardness values were 

ess affected by irradiation, therefore, implantation led to decrease 

f the anisotropy of beryllium hardness. 

The high hardness anisotropy of beryllium originates from the 

ery high anisotropy of the CRSS required for activation of differ- 

nt slip systems [ 35 , 39 , 40 ]. The CRSS is relatively low for the < a >

asal and prismatic systems which both provide slip perpendicu- 

ar to the c-axis, but it is very high for the secondary < c + a >

yramidal systems [ 37 , 38 ] responsible for deformation parallel to 

he c -axis, especially under compression [25] . Point defect clusters, 

elium-vacancy clusters (and potentially, sub-nanometric He bub- 

les) are likely to increase the CRSS values of all slip systems by 

oughly the same absolute amount, and so to decrease the rela- 

ive differences between CRSS values of the slip systems. A simi- 

ar effect was observed by Hill and Jones [39] , who demonstrated 

hat work hardening of beryllium single crystals led to highly non- 

niform increases of Vickers hardness: about 350 MPa for basal 

lane indentations and about 660 MPa for indentations on pris- 

atic planes. 

.4. Indentation pop-ins 

Fig. 7 shows examples of curves of indentation load as a func- 

ion of depth for S-65 (unirradiated and irradiated at 50 °C and 

00 °C “Zone 2”); the behaviour of the S-200 grade material was 

ery similar. Four curves at different indentation orientations are 

hown per state. Most of the curves exhibit discrete displacement 

ursts, the so-called “pop-in” effect, at different stages of indenta- 

ion, as highlighted by black arrows Fig. 7 . This pop-in behaviour 

as been widely observed in different materials [ 27 , 61–63 ]; in the

arly stages of indentation ( < 50 nm indentation depth) pop-ins 

re typically associated with plasticity bursts caused by dislocation 

ource nucleation in previously defect-free material [ 27 , 61–63 ]. In 

ur experiments these early-stage pop-ins were observed in non- 

rradiated samples in both grades ( Fig. 7 (b)) but were absent after 

elium implantation at both temperatures Fig. 7 (d, f). This could be 

xplained by the high number density of defects (in our case point 

efect cluster, He-vacancy complexes or He bubbles) which can 

otentially serve as nuclei for dislocation sources; similar effects 

ave been found in indentation of ion-irradiated Fe-Cr [27] and W 

64] and polycrystalline Fe after plastic deformation [63] . 

Sometimes large pop-ins were observed at relatively high in- 

entation depths ( > 100 nm); see Fig. 7 (a, c, e,). This behaviour

as strongly affected by the sample condition: while only about 

% of load displacement curves in the non-irradiated materials had 

ny of these pop-ins, the behaviour was observed up to 6 times 

ore often in the helium-implanted samples. Such large pop-ins 

t relatively high indentation loads have also been observed in 

olycrystalline iron [63] ; it was concluded that these events were 

losely related to the presence of a grain boundary in the stress 
9 
one of the indentation and has been rationalised in terms of pre- 

erred emission of dislocations from the grain boundaries. Such 

rain-boundary related pop-ins have also been observed in Au/Si 

amples [62] and Fe-C alloy [65] . Our investigations in beryllium 

onsider indentations made in grain centres as observed at the 

urface by EBSD. It is, however, possible that the indentations are 

nteracting with grain boundaries under the surface, invisible to 

EM/EBSD, which might possibly introduce some pop-ins observed 

n beryllium in this work. However, in that case, the pop-in be- 

aviour should be a statistical process dependent on presence of 

rain boundaries (i.e., grain size), and not be dependent on irra- 

iation condition, since the grain size did not change during the 

mplantations. Currently this behaviour is not understood. It is pos- 

ible to propose that the substructure of the implanted layer with 

equence of “softer” and “harder” bands can cause avalanche-like 

eformation when the stress zone reaches deeper “soft” layers. 

.5. Investigating the complex behaviour of S-65 

It was observed that irradiation highly affected pile-up/sink-in 

ehaviour of beryllium: it become less crystallographically depen- 

ent with increased domination of pile-up (see Fig. 3 and Fig. 4 ). 

owever, the S-65 sample irradiated at 200 °C have more compli- 

ated behaviour: in one area (denoted as “Zone 1”), sink-ins were 

ainly observed, while in a second area of the sample (“Zone 

”), similarly to other irradiated samples, pile-ups dominated. For 

etter understanding of the behaviour, several TEM lift-outs were 

ade from the indents in the S-65 and S-200-F grades irradiated 

t both temperatures. Results for the 200 °C irradiations are shown 

n Fig. 8 . The surface layers of the samples are different, due to 

ifferences in the degree of polishing away of the aluminium layer 

fter irradiation but before indentation (see Section 2 for details of 

he sample preparation). In the S-65 grade sample (200 °C implan- 

ation, “Zone 1” indentations) ( Fig. 8 a), the surface is in the middle 

f the dark line with an increased number density of black dots 

and, from Fig. 1 , high helium content) while in lift-outs from other 

ample (S-200) the surface layer was inside the bright band with 

ewer point defect clusters (and lower He content). Note that the 

-65 sample irradiated at 50 °C had the bright near-surface layer 

as ( Fig. 2 a). 

This may be the origin of the observed differences in pile- 

p/sink-in behaviour after 200 °C irradiation. It is known that pile- 

p / sink-in can be more pronounced for indentations in materials 

ith a thin coating of different mechanical behaviour to the un- 

erlying substrate [50] . For indentation into hard coatings on a soft 

ubstrate promotes surface sinking-in, as observed by Tayebi et al 

uring indentation of SiO 2 films on Al substrate [66] , whereas for 

ndentation in a soft coating on a hard substrate promotes surface 

ile-ups, as, for example, was demonstrated in the aluminium-on- 

lass system by Tsui et al [67] . The behaviour will be more com- 

licated in the case of the heterogeneous layered irradiated sub- 

tructure of the implanted layer of the investigated samples: the 

ark bands with increased black dot number density are likely to 

e harder, and possibly with a lower work-hardening rate, than the 

elatively bright areas between them. However, the surface layer of 

he S-200-F after 200 °C irradiation shown in Fig. 8 b (and the other 

rradiated samples, which had a similar surface layer) should be 

ofter than the material under it, corresponding to the “soft coat- 

ng on the hard substrate” scenario (promoting pile-up), while for 

he S-65 “Zone 1” 200 °C irradiation shown in Fig. 8 a, corresponds 

o the converse “hard coating on the soft substrate”, promoting 

ink-in, as observed. However, it is difficult to make a definitive 

onclusion on this, since only a few lift-outs were prepared and 

nalysed with TEM from these samples. 

To further investigate this assumption, Raman spectroscopy 

nalysis was performed on both materials in the as-received state 
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Fig. 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. 

Fig. 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. 

10 
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Fig. 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 spec- 

trum was acquired by averaging over 0.36 × 10 6 individual spectra from 3 mm × 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 

−1 spectral region for each spectrum. The error bars reflect a sys- 

tematic error introduced by the choice of the fitting function. 
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nd after implantation at temperatures of 50 °C and 200 °C. A high- 

requency acoustic mode is characteristic to beryllium, which re- 

ults in a highly intense Raman peak (stretching band) [ 52 , 68 ].

ig. 9 shows the Raman spectra of Be samples in as-received state 

nd after helium implantation. When plotted in linear scale, both 

ypes of spectra consisted of a single peak, which suggests the sig- 

al from impurities such as oxygen is weak. This beryllium peak 

s initially positioned at 458.5 ± 0.1 cm 

−1 in the as-received sam- 

les. Both samples implanted at a temperature of 50 °C have shown 

 shift in the band position of −1 . 4 cm 

−1 in the S-200-F grade and

1 . 5 cm 

−1 in the S-65 grade, while the corresponding shift in the 

ame grades implanted at 200 °C was −0 . 5 cm 

−1 and −0 . 8 cm 

−1 .

his suggests some recovery of radiation defects already at 200 ° C 

hen compared to lower-temperature implantation. 

As a general rule, a shift in the position of the stretching 

and indicates a change to the local vibration modes, resulting 

n a slightly different short-range order of the beryllium atoms. 

hifts similar in direction and magnitude have been observed in 

euterium-implanted beryllium [52] . According to [69] downshifts 

f the stretching band can be attributed to tensile strains. Helium- 

acancy (He-V) complexes as well as self-interstitial clusters and 

oops may have a positive relaxation volume [70] , thus producing 

ensile strains in the irradiated material. The relaxation volumes of 

he radiation induced defects in beryllium are not currently known 

nd it is a subject of our ongoing collaborative numerical mod- 

lling studies. 

In contrast to other investigated samples where the beryllium 

tretching band position had not experienced spatial variation, the 

hift in the S-65/200 °C irradiation specimen had a distinct striped 

ubstructure consisting of regions with average band shift of about 

0 . 6 cm 

−1 (yellowish areas in 10(a)) and regions with average 

and shift of −1 . 2 cm 

−1 (brownish areas in 10(a)). This substruc- 

ure suggests varying surface tensile strains which are likely to cor- 

espond to the alternation of surface-breaking layers of high defect 

ensity and low defect density. This could have been caused by 

olishing-removal of the aluminium layer being at a shallow angle 

o the initial surface plane, as schematically shown in Fig. 10 (b). 

he “Zone 1” indentation array in the S-65 sample implanted at 

00 °C was located in the “brownish” band in Fig. 10 (a) with a high
11 
efect density, as seen by TEM in Fig. 8 (a). As discussed earlier, 

his corresponds to the “hard coating on soft substrate” scenario 

avouring the observed sink-ins. The “Zone 2” array was made in 

he “yellowish” area in Fig. 10 (a) corresponding to the “soft coat- 

ng on hard substrate” scenario favouring the observed pile-ups. 

or S-65 “Zone 2”, the downshift is almost equal to that for the S- 

00-F grade irradiated at the same temperature, as are the pile-up 

ehaviour and the corresponding area correction function C . This 

upports our assumption that in the S-65 sample after 200 °C irra- 

iation that the contrasted pile-up/sink-ins behaviours are due to 

he surface preparation of the sample and that in the implanted 

amples evolution of the pile-up behaviours (at least for the 200 

C irradiation) is highly sensitive to the homogeneity and structure 

f the implanted layer. It should be noted that separate, more con- 

rolled experiment with implantation to different depths (at sur- 

ace and below surface), without protective layers and preferably 

ith broader Bragg peaks (as for example W self-ion implantation) 

hould be performed to elucidate further the role of the damaged 

ayer substructure on the pile-up/sink-in behaviours. 

. Discussion 

.1. Pile up/ sink-in behaviour 

In bulk materials it is generally observed that a high yield stress 

o elastic modulus ( σ y /E) ratio and a high strain-hardening rate 

oth promote a spread of deformation deeper into the specimen 

nd the surface around the indenter sinks-in; while the converse 

low ( σ y /E) values and low strain hardening) favour localisation 

f deformation around the indents and the creation of pile-ups 

 50 , 59 ]. The pile-up/sink-in behaviour in anisotropic hcp metals 

ike Be [35] or Ti [71] is highly sensitive to the crystallographic ori- 

ntation of the indented grains. The observed crystallographic de- 

endence of pile-up/sink-ins in non-irradiated beryllium is in good 

greement with crystal plasticity finite element modelling (CPFEM) 

esults [35] , which demonstrated that the stress field and geomet- 

ically necessary dislocations (GND) penetrate deeper into the ma- 

erial in the “hard” orientation relative to the “soft” orientation, 

onsistent with a higher ( σ y /E) ratio, also the plastic strain under 

he “hard” indent is also higher consistent with high GND harden- 

ng. 

Irradiation can induce hardening or softening, changing the 

 σ y /E) ratio, and can change a material’s strain hardening rate. 

ence, as observed in this study and in other studies on differ- 

nt materials, the pile-up behaviour can be changed by irradiation. 

n this work, in most of the investigated indentation print, helium 

mplantation led to more often observation of pile-ups then be- 

ore implantation ( Fig. 4 ) that implies the tendency of the irradi- 

ted samples to deform in closer proximity to the indented sur- 

aces compared to the unirradiated state of the material. Similar 

o our observations, many studies report increased domination of 

ile-ups after irradiation. For example, Hardie et al [27] observed 

n increase in pile-ups heights after self-ion irradiation of iron- 

hromium alloys. Similarly, a substantial increase in pile-up heights 

as observed in a helium-implanted single crystal tungsten by Das 

t al. [72] and in tungsten-rhenium alloys by Beck et al [33] . How-

ver, in contrast, Armstrong et al. [73] observed a suppression of 

ile-ups in tungsten-tantalum alloys after self-ion implantation. In 

ur work we also observed that for the softest crystallographic ori- 

ntations the contribution of pile-ups into the contact surface with 

ndenter is slightly decreased after irradiation ( Fig. 4 ). This discrep- 

ncy highlights that before a reliable model for prediction of pile- 

p / sink-ins behaviour is developed, measurements of contribu- 

ion of these artefacts are highly desirable for accurate measure- 

ents of irradiation induced hardening. 
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Fig. 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 
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.2. Hardening 

Although no obvious differences were noticed by TEM inves- 

igation between samples irradiated at 50 °C and 200 °C, that is 

ighly likely the consequence of the FIB damage, the nanoinden- 

ation results demonstrated much higher hardening for the lower 

emperature irradiation. This is in agreement with other hardness 

nd yield strength data of beryllium irradiated at different temper- 

tures (see [ 24 , 74 ] and review [75] ). For example, Snead [74] per-

ormed Vickers hardness measurements of the S65-C grade neu- 

ron irradiated in high flux beam reactor (HFBR) up to 0.34 dpa 

nd 250 appm He and observed about 480 MPa (converted from 

V) hardness increase after irradiation at 95 °C, about 335 MPa in- 

rease for T irr = 205 °C and about 265 MPa increase for T irr = 278 °C.

hese data was in good agreement with the yield strength in- 

rease which was 75 MPa, 55 MPa and 40 MPa correspondently 

74] . Kesternich and Ullmaier [24] investigated tensile properties 

f high purity beryllium implanted by helium (220 appm, 0.02dpa) 

nd observed 175 MPa increase in the yield strength after implan- 

ation at 100 °C, which was about 90 MPa after 300 °C implantation. 

Both helium and lattice defects introduced during the implan- 

ation are likely to act as obstacles to dislocation motion. While 

elium solubility in beryllium has not been measured, this inert 

as generally has an extremely low solubility in metals [76] . Ab 

nitio simulations [77] showed that helium is highly insoluble in 

eryllium and it is strongly trapped by vacancies. According to the 

b initio calculations of Zhang et al. [78] the presence of vacancies 

nhances solubility of helium in the beryllium lattice and between 

 and 12 He atoms can be trapped inside one vacancy in beryllium. 

herefore, He is likely to be either trapped by vacancies, increasing 

he CRSS for dislocation movement by solid solution strengthening; 

r precipitated into sub-nanometric helium bubbles (too small to 

e resolved by our TEM), where a precipitation hardening mecha- 

ism will govern dislocation pinning and CRSS increase. Kesternich 

t al [24] investigated the influence of helium on yield strength 

f beryllium and concluded that for low temperature irradiation 

100 °C), even if bubbles are not visible, the Orowan mechanism 

or dislocation pinning at precipitates (small bubbles) should be 

pplied for description of radiation induced hardening. Kesternich 

t al [24] did not include hardening analysis from the observed 

islocation loops. 

The dispersed barrier hardening model was used to correlate 

he irradiation hardening and microstructure observed by TEM: 

σy = αMμb 
√ 

N · d (6) 
12 
H = 3�σy (7) 

here, M = 4.3 [79] , μ = 132.8 GPa [ 37 , 38 ] and b = 0.228 nm

 < a > slip) [25] are the Taylor factor, shear modulus and Burgers

ector, respectively, N is the number density and d is the mean 

iameter of obstacles (considered to be 5 nm for this estimation). 

is the dimensionless obstacle strength factor in the range of 0 

α ≤ 1. To estimate the possible hardening, as a guidance we 

sed the α values of different types of defects summarised for 

teels by Lucas [80] : i) weak barriers like small bubbles, loops, 

acancy clusters with α < 0.25, ii) intermediate barriers such as 

rank loops with 0.33 < α< 0.45, and iii) strong barriers such 

s voids and large precipitates with α≈ 1 obstacles. Taking the 

verage number density for the observed loops, the Eqs. (6) and 

7) yields �H ≈ 0 . 85 GPa if α = 0.2 (case of small loops is steels

 80 , 81 ]) or, �H ≈ 1 . 7 GPa if α = 0.4 (case of Frank loops is steels

 80 , 81 ]). Comparison with the radiation induced hardening data 

rom Table 2 implies that between about 1.4 and 2.4 GPa of hard- 

ess increase should originate from the other radiation induced 

bstacles, not observed by TEM and potentially related to helium. 

o analyse this, we considered two marginal scenarii: i) helium is 

omogeneously distributed in beryllium and cause solid solution 

ardening; ii) helium agglomerates and creates clusters with va- 

ancies which act as barriers for dislocation movement. 

In the case (i), it is possible to estimate the solid solution hard- 

ning using the equation proposed by Fleischer [82] : 

σy = 

M 

760 

μ · δ 3 
2 · c 

1 
2 

He 
(8) 

here, δ is a parameter characterising interaction between solute 

toms and dislocations and c He is a concentration of helium atoms. 

ith the Taylor factor M = 4.3 [79] , shear modulus μ = 132.8 

Pa [ 37 , 38 ], δ = 1 [24] and c He = 2 × 10 −3 , Eqs. (8) and (7) yield

H ≈ 0 . 1 GPa . This is one order of magnitude less than the antici-

ated contribution from helium; therefore, the observed hardening 

annot be attributed to solid solution hardening by helium atoms. 

The dispersed barrier hardening model ( Eq. (6) ) can be used to 

stimate hardening from helium bubbles. As no bubbles were ob- 

erved by TEM we assumed that the hypothetical bubbles should 

ave diameter less than 3 nm as this is the approximate size of 

he first bubbles observed in beryllium containing 20 0 0 appm of 

elium during in-situ annealing inside TEM at 350 °C [83] . Con- 

idering this size range, we estimated the corresponding number 

ensity of bubbles which can be created by 20 0 0 appm of helium 

toms. The approach was based on comparison of the expected 
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Fig. 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 irradiation hardening for different sizes and different obstacle strength factors. 
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ressure in bubbles depending on the properties of the materials 

surface tension, shear modulus and Burgers vector) with the cal- 

ulated pressure in bubbles of a specific size expected from the ra- 

io between helium atoms and vacancies described by the equation 

f state. From one hand, assuming spherical bubbles, pressure ( P ) 

nside helium bubbles should be bound by the inequalities [84] : 

2 γ

r B 
≤ P ≤ 2 γ + μb 

r B 
(9) 

here r B is the radius of the bubble and γ = 1 . 83 J/ m 

2 is [85] the

ubble surface tension, μ = 132.8 GPa is the shear modulus 

 37 , 38 ], b = 0.228 nm is the Burgers vector [25] . The lower bound-

ry is determined by the equilibrium pressure in a bubble of gas 

etermined by Young–Laplace equation, and the upper boundary 

s determined by the loop-punching stress at which pressure in 

rowing bubbles is relieved by “punching out” dislocation loops 

84] . These calculations show that the pressure in bubbles may 

ary from 2.3 GPa to 21 GPa for the bubbles with r B = 1 . 5 nm ,

nd increases to the range from 14 GPa to more than 70 GPa for 

 B = 0 . 25 nm . 

From another hand, the ratio between the pressure, quantity of 

elium atoms and size of a bubble (i.e., number of vacancies in 

he bubble) can be described by the equation of state. In this work 

e used the Benedict equation of state [86] parametrised by Mills, 

iebenberg, and Bronson [87] as this approach demonstrated good 

esults in predicting helium bubbles behaviour in tungsten [84] . 

he equation has a form of: 

V 

n He 

= f 1 ( T ) P 
− 1 

3 + f 2 ( T ) P 
− 2 

3 + f 3 ( T ) P 
−1 (10) 

here V is a volume of a spherical bubble, n He - number of he- 

ium atoms in a helium bubble, and f 1 (T ) , f 2 (T ) and f 3 (T ) are the

unctions dependent on the temperature, the details and parame- 

ers of which can be found in [87] . The volume of the bubble may

e approximated as [84] : 

 = n V 
 = 

4 π r 3 B 

3 

(11) 

here 
 = 8 . 09 × 10 3 n m 

−3 is the atomic volume of beryllium and 

 V - number of vacancies in a bubble. 

Combination of Eqs. (9) , (10) and (11) allowed estimation of 

he ranges of ratio between bubbles radii and quantity of he- 

ium atoms in the bubbles ( Fig. 11 a). The range of about 1300 to

660 He atoms per bubble is excepted for r B = 1 . 5 nm ( n V ≈ 20 0 0) ,

his decrease to n He ≈ 400 to 800 for r B = 1 . 0 nm ( n V ≈ 530) and

 He ≈ 60 to 125 for r B = 0 . 5 nm ( n V ≈ 65) . The presented numbers

ere calculated for the room temperature (RT) and there was only 

 little difference ( < 6% for the average n values) between data 
He 

13 
t RT, 50 °C and 200 °C. The generated equation of average between 

he minimal and maximal quantities of helium atoms per bubble 

s a function of quantity of vacancies (bubbles size) was obtained 

y fitting and can be estimated by: n He = 2 . 8 n 0 . 87 
V 

. 

Considering the implanted 20 0 0 appm of helium and quantity 

f helium atoms per bubble of a specific size from Fig. 11 b, it is

ossible to estimate the range of the corresponding number densi- 

ies of the bubbles: about 1.2 × 10 23 and 1.9 × 10 25 m 

−3 for bub- 

les with radii of 1.5 and 0.25 nm correspondently. The calculated 

umber densities were used for estimation of the induced hard- 

ning Eqs. (6) and ( (7) ). The results of the expected helium bub- 

les contribution into hardening �H are summarised by the red 

rea in Fig. 11 b for the case the obstacle strength factor α = 0.2 

weak obstacles after Lucas [80] ). As between 1.4 and 2.4 GPa is 

xpected from these objects, it is possible to note that with the 

hosen calculation parameters, this corresponds to relatively large 

ubbles with the radius of 0.8 - 1.5 nm. However, as demonstrated 

n [81] , the strength factor of cavities is highly dependent on the 

ize and for the case of stainless steel may decrease to the val- 

es of α between 0.02 and 0.1 if the cavities are smaller than 2 

m in diameter. The value of α = 0.1 was also obtained for the 

elium bubbles with diameters of 1–1.5 nm in irradiated ferritic- 

artensitic steels [88] . The results of the expected helium bubbles 

ontribution into hardening �H for α = 0.1 are demonstrated by 

he grey area in Fig. 11 b, and the observed 1.4 and 2.4 GPa hard-

ning will correspond to the helium bubbles with the radii in the 

ange between about 0.4 and 1 nm. 

Considering the obtained distribution of hardening for the bub- 

les of different sizes, it is possible to suggest that the differences 

etween hardening at 50 °C and 200 °C observed in our work could 

e explained by differences in spacing between the bubbles (i.e., 

umber density of bubbles and their size), i.e., bubbles after 200 °C 

mplantation are larger than after the 50 °C implantation, but still 

elow the TEM resolution (1- 2 nm in diameter). It should be 

dded that the ratio between vacancies and helium atoms may 

lter the bubbles strengthening factor α. For example, as it was 

hown by Schäublin and Chiu [89] in the case of bcc iron, a 2 

m He bubble is a weak obstacle when the He content is low, 

t 1 to 2 He atoms per vacancy, but beyond 2 He atoms per va-

ancy, the resistance of the He bubble increases with increasing 

e content (and pressure) and at 5 He atoms per vacancy, the He 

ubble becomes a much stronger obstacle. While no detailed in- 

estigation of helium bubbles strengthening factors in beryllium is 

nown, the scenario that increase of helium to vacancy ratio may 

ncrease strength factor of bubbles is likely. Due to this, it is possi- 

le to suggest that bubbles in the samples irradiated at 50 °C may 

ave higher H/V ratio (and potentially, higher strengthening factor) 

hat the bubbles in the samples irradiated at 200 °C. 



V. Kuksenko, A. Lunev, E. Darnbrough et al. Journal of Nuclear Materials 555 (2021) 153130 

g

fl

h

d

c

r

w

t

g

n

h

i

a

s

t

l

r

T

i

o

r

r

c

a

c

t

e

i

e

t

fi

r

d

s

i

m

t

l

c  

6

t

i

a

i

d

s

t  

a

a

i

5

p

a

t

D

c

i

C

–

d

C

&

–

W

The increased irradiation induced hardening of the lower-purity 

rade after exposure at 200 °C may possibly originate from an in- 

uence of impurities on redistribution of helium or point defects, 

owever, creation of impurity clusters which act as obstacles for 

islocations could be also considered. According to recent ab initio 

alculations of Klimenkov et al. [90] some typical beryllium impu- 

ities like aluminium, silicon and manganese have strong binding 

ith vacancies and therefore, can retard vacancy diffusion, prevent 

heir recombination with interstitials and play important role in 

as bubble nucleation. Potentially this may lead to the increased 

umber density of defects clusters increasing irradiation induced 

ardening as observed in our work. We should note that the chem- 

stry effect on radiation resistance of beryllium was never system- 

tically studied, and the available data is scattered. For example, 

imilarly to our observation, Kupriyanov et al [55] demonstrated 

hat after neutron irradiation in the CM-3 reactor at 130-180 °C the 

ower purity TIP-30 and TE-30 beryllium grades experienced higher 

adiation-induced increase of yield strength than the higher purity 

shG-56. However, the results of Snead [74] demonstrated lower 

rradiation induced hardening of the lower purity P0 grade than 

f the higher purity S-65C grade irradiated in the high flux beam 

eactor (BNL) at temperatures between 105 and 275 °C. 

Currently, the high purity S-65C grade has been selected as the 

eference plasma-facing material in ITER on the basis of its ex- 

ellent thermal fatigue and thermal shock behaviour, and a good 

vailable database on its properties [7] . Our results support this 

hoice, demonstrating that at a helium content that corresponds to 

he end-of-life of plasma-facing beryllium in ITER [16] , the prop- 

rties of this grade exhibit higher radiation stability, e.g. smaller 

rradiation-induced hardening than the lower purity grade. How- 

ver, the mechanism(s) responsible for this are not known. A de- 

ailed fine scale high resolution TEM analysis, complimented by 

ne scale chemical analysis, for example with Atom Probe Tomog- 

aphy, and preferably Positron Annihilation Spectroscopy to eluci- 

ate the helium atom distribution, would be required to under- 

tand the hardening mechanisms from individual features in the 

rradiated microstructure. 

The results are also important for the particle accelerator com- 

unity. The irradiation conditions and hardening effects used is 

his study represent the average operating temperatures of beryl- 

ium windows in the operating NuMI beamline (50 °C) [18] and the 

urrently-designed LBNF (200 °C) [ 9 , 10 ]. So far, the high purity PF-

0 grade (similar purity to S-65, but with different grain size and 

exture) has been successfully used as a beam window material 

n the NuMI beamline, accumulating during operation up to 20 0 0 

ppm of helium [18] . The result of this work demonstrates that 

n the future LBNF, the similar pure grade exposed to comparable 

oses to NuMI, but at higher temperature (200 °C), should undergo 

maller radiation-induced hardening and that accumulation of up 

o 30 0 0 appm of helium at this temperature does not lead to cre-

tion of cavities or bubbles (including at grain boundaries) which 

re known to be often responsible for the severe loss of ductility 

n beryllium. 

. Conclusion 

Two industrial beryllium grades, higher-purity S-65 and lower- 

urity S-200-F, were investigated in the non-irradiated state and 

fter helium implantation at 50 °C and 200 °C. The main conclusions 

hat 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 di- 

ameter) which are likely to be small dislocation loops with the 

number density of ~ 10 22 m 

−3 . No voids or bubbles were ob- 

served by TEM inside grains and at grain boundaries. 
14 
• Before irradiation, the S-200-F and S-65 grades have an aver- 

age hardness of 3.7 ±0.8 GPa and 3.4 ±0.8 GPa correspondently. 

In both grades the implantation at 50 °C almost doubled the av- 

erage hardness, and at 200 °C led to a 60% hardness increase, 

compared to the average hardness of the non-irradiated mate- 

rial. 
• Analysis of the possible hardening contribution demonstrated 

that the “black dots” at observed number densities could be re- 

sponsible for up to half of the measured hardening, while the 

rest should originate from helium bubbles with the size below 

the TEM resolution ( < 1…1.5 nm). It is expected that the bub- 

bles are relatively weak obstacles with the strengthening factor 

α< 0.2. Solid solution hardening by helium atoms is unlikely to 

significantly contribute to the observed hardness increase. 
• By combining nanoindentation with EBSD it was possible to 

separate out the influence of crystal orientation on hardness. 

In the non-irradiated materials the hardness is about 2.5 times 

higher when the indentation direction is close to the [0 0 01] 

c-axis of beryllium, compared to indentation perpendicular to 

[0 0 01]. Grades with “soft orientation” were most sensitive to 

irradiation induced hardening, which increased almost 3 times 

after 50 °C implantation and 2 times after exposure at 200 °C. 

The higher purity grade had smaller increase of the “soft ori- 

entation” hardness after 200 °C irradiation: 2.5 ±0.3 GPa for the 

S-65 and 2.9 ±0.2 GPa for the S-200-F. Hardness anisotropy sig- 

nificantly decreased after helium implantation as “hard orienta- 

tion” hardness values were less affected by irradiation. 
• Near-indentation surface topography, which is not accounted 

for in the standard “Oliver-Pharr” analysis, can have a strong in- 

fluence on the extraction of true hardness values from nanoin- 

dentation data. A combination of nanoindentation 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. 
• 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 c 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 spec- 

imen 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 con- 

tent) sink-ins are dominant. 
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