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Tungsten: most promising PFM in future fusion devices  

Why 

Role 

Requirement 

High melting point; high thermal conductivity; 
low sputtering 

Withstand H/He/heat flux 

Structure integrity even at the high temperature 

     Defect formation, surface sputtering & erosion, blistering, cracking, 
degradation of mechanical properties   

H/He plasma :   low energy (0-100 eV), high flux (> 1024 m-2s-1) 
High heat flux: 10 MW/m2  several hundred MW/m2 
Neutron         :  14.2 MeV  radiation damage 

Extreme environment (3-fold irradiations) 

Irradiation-induced defects  
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Bubble Crack 

• The interaction of H/He and defects induced by irradiation 
coupled with intrinsic defects will be more complicated . 
 

• How the H (and its isotopes) and He retention and blistering 
varies in W with irradiated defects is a key concern after 
deuterium-tritium reaction in the future fusion reactor.  
 

• It is clear that to understand this requires a comprehensive 
knowledge from an atomic to a macroscopic point of view.  
 

• Apart from the experiment, computer simulation at different 
scales will play an indispensable role on this aspect especially 
for simulation of the neutron irradiation.  

H/He behaviors in irradiated W 

   Vacancy trapping mechanism for H bubble 
formation 

Strain-triggered cascading growth of H bubble 

Critical H concentration for formation and rapid 
growth of H bubble  

Hydrogen/helium interaction with defects in tungsten 

I 

II 

III 

 Part I 

Mechanism for H bubble formation (nucleation)  
in W First-principles method  

plasma irradiation 

H bubble 

retention nucleation growth blistering 
Suppression 
of H bubble 

Process of H bubble formation 

Optimal charge density 
for single H embedded 

at a vacancy.  

H occupation and accumulation in metals:  
optimal charge density  
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The isosurface of optimal 
charge for H for different 
number of H atoms at the 

monovacancy. 
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Phys. Rev. B 79, 172103 (2009) 

Such H segregation can saturate the internal vacancy 
surface, leading to the formation of the H2 molecule 
and the preliminary nucleation of the H bubble. 

Phys. Rev. B 79, 172103 (2009); 
Nucl. Fusion 50, 025016 (2010);  
J. Nucl. Mater. 434, 395 (2013) 

Enough space to provide an optimal charge density 

Metal 

Vacancy or vacancy-like 
defects GB, dislocation  

Vacancy-trapping mechanism of H in metals  



Suppressing H bubble via inert gas elements 

 Nucl. Fusion 50, 115010 (2010) 

Inert gas elements cause a redistribution of charge density inside the 
vacancy to make it “not optimal” for the formation of H2 molecule, 
which can be treated as a preliminary nucleation of the H bubbles. 

Optimal charge isosurface for a single H 
embedded at He-vacancy complex.  

Atomic configuration of H at He-
vacancy complex. 

Inert gas element He/Ne/Ar : closed shell electronic structure 

Suppressing H bubble formation by inert gas 
elements   (Experiments) 

O.V. Ogorodnikova, J Appl Phys 109, 013309 (2011); 
M.J. Baldwin, Nucl Fusion 51, 103021 (2011) 

Helium is the product of fusion reaction, and thus the H bubble may be 
able to be suppressed by controlling the content of He in fusion process. 
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Long Cheng, G.-H. Lu, to be pubished 

Part II 
 

Strain-triggered cascading effect on H bubble 
growth First-principles method  

plasma 
irradiation 

H pressure GPa
 strain 

retention nucleation growth blistering 
Suppression 
of H bubble 

Process of H bubble formation 

Dissolution of H in W under the isotropic strain 

First-principle calculation  

The H solution energy is a linear monotonic 
function of the triaxial strain. 

Linear elasticity theory 

     Tetrahedron interstitial site (TIS) 
     Octahedron interstitial site (OIS) 

Phys. Rev. Lett. 109, 135502 (2012); NIMB 269, 1731 (2011) 

  Dissolution of H in W under the anisotropic strain 

The solution energy of H “effectively” decreases with the 
increasing of both signs of anisotropic  strain, due to the 
movement of H forced by strain. 

Phys. Rev. Lett. 109, 135502 (2012) Phys. Rev. Lett. 109, 135502 (2012) 

Strain-triggered cascading effect on H bubble growth 

H accumulation     bubble formation  Anisotropic strain in W 
 

Enhancing H solubility 

 

 bubble growth 

  

…… 

Enhancing effect of anisotropic strain on H dissolution is also 
applicable to other bcc metals.    

H bubble 
region 

W-H-He potentials for molecular dynamics  
          simulations   (X-C Li, G-H Lu, J Nucl Mater 2011, 2012) 

 Modified W-H-He atomic potential 

  Bond-order potential (3-body) 

 H/He behaviors in W 

H2 formation in W & Role of vacancy 

H-induced vacancy formation 

Temperature effects & dynamics 
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Growth of H bubble: Vm  VmHn  VmHn + Vx  Vm+xHn + Hx  

Growth of H/He bubble – molecular 
dynamics simulation  X-C Li, G-H Lu, to be published 



Part III

Critical H concentration for formation and rapid 
growth of H bubble 

Formation 

Rapid 
growth 

Material 
failure 

Strain-
triggered 

cascading H 
bubble growth 

Critical 
concentration 

First principles  
absolute zero  

Thermodynamics parameters 
Formation energy/traping 

energy/diffusion barrier  
input 

H-vacancy complex 
concentration 

Effective diffusion 
coefficient 

sequential multi-scale method 
L. Sun, S. Jiin, and G.-H. Lu, to be published 

thermodynamics model  
finite temperature  

Critical H concentration for H bubble formation 
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First principles + Thermodynamics model  
Sequential multi-scale method 

Critical H concentration for H bubble formation: 
Comparison with experiments 

Experiments  
Peng, Lee and Ueda,  J Nucl Mater  
438 (2013) S1063            

Predicted critical H concentration may serve as a criterion to 
evaluate the H-induced failure of PFMs in further fusion reactor  

Red H bubble formation 

Black No H bubble formation 

Experimental value 

The predicted H critical 
concentration for H bubble 
formation in W is consistent with 
experimental observations. 

Hydrogen & helium in tungsten 

• Intrinsic tungsten 
• Vacancy 
• Grain boundary 
• Surface 
• He-H interaction 
• Impurity & alloying elements 

Review paper 

First principles 

Microscopic behavior 
& mechanism 

Molecular 
dynamics 

Dynamics process 
& temperature 

effects 

thermodynamics 

 stability & 
bubble growth 

Linear plasma 
generator, Ion 
implantation 

Experiment 

Research techniques  

Hydrogen/helium & their synergy in irradiated tungsten 

Thanks for your attention!  


