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Materials and methods 

Conclusions 
 

• Deuterium plasma exposure of tungsten at ITER divertor relevant conditions leads to the formation of dense dislocation tangles and networks. Such microstructural evolution would 

significantly affect the mechanical properties of the thin sub-surface region, where the major change in dislocation density takes place. That change also leads to considerable difference 

in the deuterium deposition in the first 1-2 micrometers as a function of dislocation density; 

• Our further step is therefore to perform nano-indentation mechanical testing to measure surface hardness and its evolution as a function of depth. 
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• Double forged polycrystalline W of 99,99% purity. 

Stress relief at 1273 K, annealed at 1873 K for 1 hour; 

• Single crystal tungsten (110),  Ø15,8 mm x 4 mm. 

Results 
 

In order to examine the microstructure of the surface layer of the exposed samples by TEM techniques, a back-side electrochemical polishing method was utilized. The top surface of the sample 

was mirror-finished before the exposure.  

TEM specimen preparation: 

• Mechanical polishing using SiC paper up to 4000 grit size to achieve  

0.1 mm thickness; 

• Electrochemical polishing at 30 V using 0.15 wt%  NaOH in water; 

• Specimens were investigated in a JEOL 2010 and JEOL 3010 TEM. 

Deformation and plasma exposure: 

• Double forged polycrystalline W: controlled plastic deformation to 

achieve 20% uni-axial elongation (conducted in a furnace at 873 K 

applying a deformation rate of 0.2 mm/min (corresponding to a strain 

rate of 2.2·10-4 s-1). Deuterium plasma exposure at Pilot PSI facility; 

• Single crystal tungsten: deuterium plasma exposure at PSI-2 facility. 
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Introduction 
 

   Tungsten is the divertor material in ITER and also a candidate for the first wall material in DEMO. Mechanical and microstructural properties of the tungsten surface and the micrometric sub-surface region 

play a crucial role in its performance as armor material protecting functional components from the plasma heat [1]. Due to technological constraints, the confinement of plasma in the ITER chamber is a 

complicated process and in certain operational modes oscillations in plasma stability will inevitably cause so-called Edge Localized Modes (ELMs), hence exposing the sub-surface region to a cyclic load, 

subsequently leading to the nucleation of micro-cracks on the surface and their propagation towards the bulk [2]. Therefore, understanding of the evolution of mechanical properties of the sub-surface 

region is important for assessment of conditions favoring crack nucleation. 

   Under relevant plasma exposure conditions a large amount of deuterium is captured within a first subgrain, where its accumulation on interfaces results in the formation of cavities, well observed by 

scanning electron microscopy (SEM). However, besides the SEM-visible cavities, a significant concentration of deuterium is present in nanometric bubbles, formed as a result of plasma exposure and located 

within first several micrometers, as was recently reported by direct TEM observations [3]. Those numerous bubbles may suppress dislocation slip, which mediates plasticity, and therefore disable the 

mechanisms allowing a release of thermal stresses induced by the ELMs. Hence, microstructural characterization of defects that are "invisible" to the conventional surface analysis techniques is needed for 

further progress in assessment of the combined effects of plasma exposure and heat cycling loads. 

   Here, we perform an in-depth microstructural characterization using transmission electron microscopy (TEM) techniques to reveal nanometric features in the sub-surface region of tungsten samples 

exposed to high flux low energy deuterium plasma. This work is a continuation of a recent study addressing the role played by heavy plastic deformation on deuterium retention and surface microstructure 

evolution [3-5]. 

 
TEM investigation of plasma exposed single crystal W. (single crystal tungsten, Ø15,8 mm x 4 mm; deuterium plasma exposure at PSI-2 facility, 520 K, 8.5·1021 D·m-2·s-1)  

~3 μm removed ~8 μm removed ~12 μm removed 

TEM observations show dislocations and dislocation loops in the plasma exposed side of the material. At the surface layer the calculated average dislocation density was 5,24·1012 m-2. 

Observed dislocation loops size was measured to be in a range of 10-115 nm. The exposure-induced dislocation microstructure vanishes beyond a depth of about 12 μm from the top of 

the exposed surface. 

At the exposed surface ~3 μm removed 

 
TEM investigation of plasma exposed as-annealed (non-deformed) W. (Double forged polycrystalline W of 99,99% purity; deuterium plasma exposure at Pilot PSI, 573 K, 1,9·1024 D·m-2·s-1) 

At the exposed surface ~2,5 μm removed ~2,5 μm removed 

TEM observations of surface layer show a significant increase in dislocation density (6·1013 m-2) as compared to unexposed sample (5·1012 m-2) and its inhomogeneous spatial distribution. 

Dislocation loops were observed and numerous dislocation tangles. Due to high density of such tangles, no grain boundaries were observed at the surface layer. With the removal of first 

layer, at a depth of about 2,5 μm from the top of the exposed surface, grain boundaries became visible and the dislocation density decreased, while inhomogeneity in its spatial distribution 

increased. 

At the exposed surface 

~2,5 μm removed ~6 μm removed ~12,5 μm removed 

TEM observations of surface layer show a significant increase in dislocation density as compared to unexposed 20% deformed sample, their inhomogeneous spatial distribution and 

numerous dislocation tangles. Calculated average dislocation density at the surface layer was 1014 m-2. The exposure-induced dislocation microstructure vanishes beyond a depth of about 

12 μm from the top of the exposed surface, and the dislocation density becomes comparable to the reference one (6,5·1013 m-2). 
 

Interstitial edge dislocation loops (size varied in a range of 10-35 nm) with Burgers vector a0/2<111> and a0<100> were regularly observed within 6 μm of the sub-surface region of the 

exposed samples, and were not observed in the as-deformed non-exposed material. The presence of these loops points to a co-existence of nanometric deuterium bubbles and sub-micron 

cavities with flake shapes. Bubbles are considered here to grow by loop punching mechanism, while the growth of flake-shaped cavities by half-loop emission results in the formation of 

surface blisters (high dome blisters already observed in similar exposure conditions [6]). 

At the exposed surface 

As-annealed condition 

 
TEM investigation of plasma exposed 20% plastically deformed W. (Double forged polycrystalline W of 99,99% purity; deuterium plasma exposure at Pilot PSI, 620 K, 1,3·1024 D·m-2·s-1) 

~6 μm removed 
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