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Abstract 

 

Understanding a material’s radiation tolerance requires examining its performance 

under different irra- diation conditions. Here, we investigate the radiation tolerance in 

terms of helium bubble damage in tungsten irradiated in-situ with 16 keV helium at 

1073 K and 1223 K. Damage evolution represented by helium bubble density, size and 

total change in volume in the grain matrices and the grain boundaries   are quantified as 

a function of fluence. Preferential large bubble formation and a higher change in vol- 

ume on the grain boundaries occurred at 1223 K, suggesting faster migration of certain 

helium-vacancy complexes as confirmed by a diffusion-reaction model. 

Plasma facing and divertor  materials  in  fusion  devices  have to withstand severe 

environments of fast neutrons, particles fluxes, thermal loads (5–20 MW/m2), and 

transient thermal loads [1]. Neutron irradiation produces solid transmutation products 

(rhenium, osmium, among  others)  and  substantial  helium  gas [2]. Helium (He) 

concentrations due to transmutation can reach levels of about 2000 appm for the anticipated 

5 year lifetime of       a plasma facing component, which corresponds to  damage levels  of 

~200 dpa [1]. The transmuted He can enhance cavity formation via stabilizing vacancies 

[3,4] and can also reach grain boundaries (either  via  interstitial  helium  diffusion  or  after  

the  formation of helium-vacancy complexes), in  turn  promoting  the  formation of grain 

boundary bubbles [5]. Bubble formation on the grain boundaries can be exacerbated in 

nanocrystalline material candi- dates due to the shorter effective diffusion lengths of He or 

He associated defects to the grain boundaries as demonstrated by El Atwani et al. on 

ultrafine and nanocrystalline (NC) pure tungsten irradiated with low energy He [6,7]. The 

mechanisms governing bubble formation and their resulting shape, concentration, and 

pressures are not yet fully understood, but have exhibited a range of different behavior 

that depends on the irradiation conditions. Recent literature has demonstrated that bubbles 

might serve as dislocation sources and shearable obstacles in single crystalline copper [8], 

which are rationalized to enhance the mechanical properties of NC materials when 

neglecting the effect of possible grain boundary bubbles and  the  shape  and  concentration  

of  He in the bubbles. A study by Cunningham et al. [9] has shown a decrease in hardness 

(softening) in ultrafine-grained tungsten (Fig.6) containing bubble-loaded grain boundaries 

under certain He implantation conditions, which transitioned to faceted cavities at higher 

irradiation temperatures. Therefore, it is critical to under- stand how He bubble size and 

distribution change with irradiation parameters and its consequences for the performance of 
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tungsten   as a plasma facing material. Temperature has been demonstrated  to be an 

important factor influencing cavity size and shape with preferential formation on grain 

boundaries occurring at temper- atures exceeding the helium-vacancy migration thresholds 

[10]. However, the distributions of cavities on grain boundaries  and  grain matrices, the 

temperature threshold for preferential cavity formation, helium trapping efficiency as a 

function of temperature, and the mechanism by which these large cavities are formed on   

the grain boundaries, remain to be elucidated. 

 

Here,  we  study  via  in-situ  irradiation/transmission  electron microscopy (TEM), low 

energy (16 keV) helium implantation effects on tungsten (a plasma facing material and 

divertor candidate for fusion power due to its attractive physical properties) at two elevated 

temperatures of 1073 and 1223 K. The experiments were performed using the Intermediate 

Voltage Electron Microscope (IVEM) attached to an ion accelerator at Argonne National 

Labora- tory. Irradiations employed 16 keV He ions of 1 × 1013 cm−2•s−1 flux on tungsten 

(ESPI metals, USA)  thin  foils  approximately 100 nm thick prepared by electropolishing 

with a 0.5% NaOH solution. Details about the microstructure of an ESPI tungsten sample 

are presented elsewhere [11]. Using the Kinchin-Pease model in the Stopping Range of Ions 

in Matter (SRIM) Monte Carlo computer code (version 2013) [12] where 70 eV [13] was 

taken as the displacement threshold, the He depth peak (Figure S1 in the supplemental) 

aligned with the center of the foils. While 16  keV   is a low energy implantation compared 

to energies expected from transmutation reactions, implantation energies  are  restricted  to  

foil thicknesses during in-situ TEM experiments,  and  the  work can still describe bubble 

formation and growth behavior under implantation conditions where atomic displacements 

can  occur.  The experiments (with in-situ TEM imaging) were performed for ~ 4000 s 

corresponding to a total fluence of 4 × 1016 cm−2 or ~ 6.3% He implantation in tungsten. 

Bubble growth within  the grain matrix and the adjacent grain boundary was examined with 

bubble size and density quantified as a function of time for the   two different temperatures.  

Quantification  methods  similar  to  Ref. [14] were used. The difference in the total amount 

of He bubbles in the grain boundaries as a function of temperature was explained in the  

context  of  a  diffusion-reaction  model  [15,16].  In particular, a single species model was 

used to compute the integrated flux to grain boundaries in a 1 μm grain as a function of 

the migration energy (Em) and the pre-factor (ν). The diffusivity was calculated 

following harmonic transition state theory as D = a2νexp(Em/kBT), where a is the lattice 

parameter. 

 

A magnified view of a pristine grain  boundary  in  the  tung- sten samples is shown in Fig. 

1a and followed by irradiation at 1073 and 1223 K in Fig. 1(b-f). The defect microstructure 

formed under the  different  irradiation  conditions  exhibited  a  number   of differences. 

The microstructure of the sample  irradiated  at 1073 K exhibited spherically shaped 

bubbles distributed uniformly between the matrix and grain boundary. Conversely, the 

sample irradiated at 1223 K demonstrated preferential formation of bub- bles on the grain 

boundaries, which grew faster than those in the matrix as a function of fluence (Figures d & 

e). At the highest fluence, the larger bubbles occupying the grain boundaries were generally 

faceted in nature as observed in Fig. 1f and is consistent with other studies on He bubble 

formation on grain boundaries      in tungsten [7,14]. The quantification of the bubble 

density and average area (delineated for the grain matrix  and  boundary)  as well as total 
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change in volume percentage of the matrix material found using / = 4 π r3Nv where Nv  is 

the bubble density in a  100  nm thick foils and rc is the radius of the bubble, are shown      

at both temperatures in Fig. 2 as a function of fluence (three data points for the 1073 K 

sample and 36 data points for the 1233 K sample). At 1073 K, the  density of  the bubbles 

was  independent of fluence while the average bubble area increased (Fig. 2a) with 

increasing fluence. Bubbles on the grain boundaries exhibited a similar area to those in the 

grain matrices (Fig. 2c). At 1223 K, however, while the density saturated in Fig. 2b to a 

value ~ 63% lower than the 1073 K case, the average bubble area continued to increase in 

the grain matrices (68% more than the 1073 K case). The scaling of bubble size in the grain 

boundaries at 1223 K was noticeably different with the average area increasing 

exponentially up to the maximum dose in Fig. 2d. The average change in volume due to 

bubble formation in the grain matrices at 1073 K was about 2% compared to ~1.7% at 1223 

K. All values for the grain matrices at both temperatures are listed in Table 1. 

 

 

 
 

Fig. 1. Bright-field in-situ TEM micrographs of a) pristine tungsten sample, (b) and (c) 16 KeV He+  
implanted  tungsten  to  2  ×  1016 cm−2  and  4  ×  1016  cm−2  at  1073  K respectively, (d) and (e) 16  
KeV He+ implanted tungsten to 2 × 1016  cm−2  and 4 × 1016  cm−2  at 1223  K respectively, and (f) 
higher magnification micrograph of the 1223  K    implanted tungsten demonstrating facetted 
cavity formation. 

 



4 

 

 
 

Fig. 2. (a) and (b), Bubble density, size, and total change in volume pecentage due to 

bubble formation in the grain matrices at 1073 K and 1223 K, respectively, as a  function 

of fluence. The lines are a guide for the eye only. (c) and (d) Average bubble size in the 

grain matrices and the grain boundaries at 1073 and 1223 K, respectively,    as a function 

of fluence. (For interpretation of the references to color in this figure legend, the reader 

is referred to the web version of this article.) 

 

Table 1 Bubble density, average area and total change in volume in the grain matrices at 1073 and 1223 K. 

 

The differences in average bubble area and shape on grain boundaries between 1073 and 

1223 K cases can be related to differences in defect fluxes to the grain boundaries and/or 

defect migration on the grain boundaries themselves.  To understand these differences, 

bubble density and total change in volume on  the grain boundaries at both temperatures 

were quantified using inclined grain boundaries. The ratio of the bubble density, average 

area, and change in volume on the grain boundaries and the grain matrices for similar 

fluences at both temperatures are plotted in  Fig. 3. All values for bubbles occupying the 

grain boundaries at both temperatures are reported in Table 2. 

 

At 1223 K, bubbles in the grain matrices and grain boundaries generally exhibited a 
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smaller density but larger area (except for the low fluence of 2 × 1016 cm−2 where bubble 

sizes are the same) relative to the 1073 K case. The total change in volume percentage 

in the grain matrices was higher at 2 × 1016 cm−2  then  de- creased with fluence to effectively 

produce a similar change in vol- ume to the 1073  K case. The total change in volume on 

the grain boundaries followed the opposite trend, approaching 4 times the 1073 K case at 

the maximum fluence of 4 × 1016 cm−2. These findings substantiate several phenomena: 

(1) grain boundaries are He trapping sites (2D trapping nature vs 3D trapping within the 

grain matrices) [17],  (2) defect fluxes to the grain boundaries at  the two temperatures 

are different, (3) migration of  certain  de- fects (e.g. vacancies or some He-vacancy 

complexes) at 1223  K  on the grain boundaries is sufficiently high to facilitate the for- 

mation of larger, faceted bubbles, and (4) there is a temperature threshold for preferential 

faceted bubble formation and enhanced He trapping efficiency. The latter is a 

particularly important pa- rameter since it has been demonstrated  that  ultrafine  

tungsten with large bubble-loaded grain boundaries after low energy He implantation 

suffers from mechanical property degradation man- ifested by a reduced hardness 

relative to pristine tungsten during nanoindentation [9]. 

 

 

The fundamental mechanisms leading to bubble formation on the grain boundaries can 

involve a number of defect transport processes: (1) diffusion of He interstitials to the 

grain boundaries, coalescence, and trap mutation, (2) vacancy migration to grain 

boundaries and binding to  previously  trapped  He  interstitials, and (3) He-vacancy 

complex migration to grain boundaries, co- alescence, and trap mutation. By comparing 

the results between  the two different temperatures, we can provide insights into the 

mechanisms governing preferential bubble formation and growth within the grain 

boundaries at 1223 K in the subjected tungsten samples. Migration of He interstitials in 

tungsten has an activation energy of ~ 0.06 eV [18]; it is therefore expected that He 

migration will transpire at both temperatures, which indicates that increased He 

interstitial transport is not the leading cause of  the  rapid bubble growth in the grain 

boundaries at 1223 K. Both vacancies and several He-vacancy complexes can migrate at 

both irradiation temperatures. However, depending on the migration energies and pre-

factors, the total integrated flux of some of these defects can  be significantly higher at 

1223 K. 
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Fig. 3. Average bubble density, area, and total change in volume percentage for 1223 

K/1073 K in the grain matrices and the grain boundaries as a function of fluence. (For 

interpretation of the references to color in this figure legend, the reader is referred to 

the web version of this article.) 
 

 

 

To understand the origin of the volume change due to grain boundary bubble formations, 

we analyzed the defect flux to the grain boundaries at both temperatures using a 1-D 

reaction- diffusion  equation.  A  domain  size  of  1  μm  and  mesh  size  of 2 nm were 

employed with a source of particles of 0.002 dpa/s (similar to experiments) 

introduced for 4000 s (note that not all simulations reached steady-state). The 

diffusivity of the moving species was varied by modifying the migration energy and 

pre- factor. The total integrated flux at the boundary was computed for both 

temperatures with the ratio of the two fluxes plotted as a contour map in Fig. 4 as a 

function of the migration barrier and pre-factor. Assuming that the experimental 

change in volume (4.3 times larger at 1223  K with respect to 1073 K with an error bar    

of ± 1.28) at the grain boundaries is due to the difference in the number of particles 

(particle flux) that reach the boundary from   the matrix, the combination  of  migration  

energy  and  pre-factor of the responsible defect should fall around the yellow area (from 

green to the light red) in Fig. 4. We  also note that differences in  the grain boundary 

character on change in volume is not expected to shift the change in volume value 

outside the green region. Given   vacancy   migration   energy   in   tungsten   of   ~   1.7    

eV [19] and typical pre-factors for vacancy diffusion on the order of 1012  s−1, the second 

route for bubble formation appears unlikely    as the combination of these values falls in 

the dark blue region       in Fig. 4. In addition, the pre-factor for vacancy clusters  was 

shown to linearly (high slope) decrease  for  large  clusters  [20], and thus, the pre-factor 

for He-vacancy complexes  should  be lower than the 1012 s−1. The green to light red area 

has migration energies that fit He-vacancy complexes with vacancy to He ratios greater 

than 1. For 16 keV He ions, nearly 7 vacancies will be created for every He ion. While 

some of these vacancies can recombine with interstitials, other vacancies can  rapidly  

form He-V complexes; in this case, a ratio of vacancy/He greater than    1 is expected. 

Using density functional theory (DFT) calculations, the migration energy of He-V2  
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complexes has been shown to be 2.04 eV [21]. In addition, while the grain 

boundaries at 1223 K exhibited a 4.3X increase in the volume change at the grain 

bound- aries, the volume change in the grain matrix did not decrease by the same 

ratio. Some He-vacancy complexes might not have clustered, due to lower mobility in 

the same way (as in the 1223 K case) at 1073 K and therefore, did not reach a sufficient 

size to be resolved by TEM. This implies that the change in volume ratio in both the 

grain matrices and grain boundaries  should be smaller than the reported values. 

However, due to the high density of bub- bles and thus, low diffusion length for these 

clusters, this change is not expected to be large. A smaller value of the change in 

volume at the grain boundaries would shift the migration energy area in Fig. 4 to 

lower values (e.g., within the green region), which is more consistent with the reported 

data for He-vacancy complexes with vacancy/He ratios greater than 1. Finally, defect 

annihilation and recombination are different at both temperatures and expected to be 

higher in the grain matrices at 1223 K, which in turn can ex- plain the low ratio for 

the change in volume in the grain matrices.  

 

These results indicate that a temperature threshold for prefer- ential bubble formation 

on the grain boundaries should exist but can vary depending on the implantation 

conditions (e.g. implan- tation energy which can dictate the He/vacancy ratio) and the 

im- planted material due to differences in migration energies and pre- exponential 

factors of He-vacancy complexes diffusion equation. This can set a safety window for 

the operation of materials which will be exposed to helium implantations or large 

amount of helium due to transmutation reactions since large facetted bubbles on grain 

boundaries can lead to  mechanical softening demonstrated via nanoindentation 

experiments on He implanted tungsten [9]. Further mechanical property studies on the 

different nuclear materials’ candidates with high grain boundary density (e.g. nanocrys- 

talline materials) below and above the temperature threshold for preferential and large 

bubble formation on grain boundaries are essential for understanding their mechanical  

behavior  and  the safe temperature windows for reactor operation. The  results  in  this 

work were acquired using in-situ implantations on thin foil samples which are 

susceptible to surface proximity effects [22]. Surfaces can act as sinks and due to the 

rapid interstitial migration and He-vacancy complex formation, a percentage of 

interstitials can be annihilated at the surfaces. However, this effect would be similar at 

both temperatures due to the low migration energy of interstitials in tungsten (0.054 eV) 

[23] and therefore, the damage trends and the relative damage comparison at both 

temperatures  are valid. In addition, the high interstitial damage observed in the samples 

at some diffraction conditions (e.g. Fig. 1c) demonstrates that surface proximity effects 

did not dominate the results. 
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Fig. 4. Defect flux ratio at 1223 K/ 1073 K as a function of a pre-factor term and 

migration barrier for an Arrhenius type equation as determined from the diffusion 

reaction model. (For interpretation of the references to color in this figure legend, the 

reader is referred to the web version of this article.) 

 

In summary, He ion implantation  was  performed  in-situ  in  the TEM on tungsten at 

1073 K and 1223 K. Grain boundaries at 1223 K were shown to exhibit preferential 

bubble formation with larger bubbles as compared with  the  grain  matrices.  Enhanced  

He trapping and bubble formation (with  smaller  densities)  at 1223 K relative to 1073 

K suggested a temperature threshold for He-vacancy migration and trapping at energies 

similar to  this study. Reaction-diffusion calculations suggest  that  migration  of the He-

vacancy complex (of vacancy/He ratio greater than 1) and rapid coalescence at the grain 

boundaries at 1223 K constitute the responsible mechanism for such preferential 

trapping and large faceted bubble formation in the grain boundaries. 
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