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Abstract  

Due to a lack of direct experimental results, the detailed mechanisms that govern the 

blistering behavior of tungsten (W) exposed to ITER-relevant condition in nuclear 

fusion remain unclear. The growth mechanism of hydrogen (H) blisters is one 

example. In this work, recrystallized W was exposed to H plasma at 50 eV, 

            , and 573 K. Transmission electron microscopy (TEM) samples were 

prepared using plasma-focused ion beam (FIB) followed by flash-polishing to 

effectively remove surface damages induced by FIB. The TEM images revealed that 

the general blisters observed on the exposed surface are associated with underlying 

cavities. A considerable amount of dislocations were found in the vicinity of the 

cavities. Prismatic dislocation loop arrays were observed, including small size 

'coffee-bean' prismatic loops and large size prismatic loops. Near the tip of surfaces 

cavities, evidences for the emission of shear loops were also found. Based on the 

experimental findings, a multi-stage growth mechanism of H cavities was proposed. 

The loop-punching mechanism is operative for both very small cavities and cavities 

with sizes larger than several hundreds of nanometers. Whereas at intermediate sizes, 

cavities grow by emitting shear loops from the cavity tip.  

Keywords: tungsten, H plasma, blistering behavior, loop punching, shear loop 

emission 

1. Introduction 

Harsh service environment imposes great challenges for plasma facing materials 

(PFMs) in the divertor of fusion devices. With its favorable properties such as high 
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thermal conductivity, high melting temperature, and low sputtering yield, tungsten (W) 

has become a promising candidate for PFMs in the divertor of the International 

Thermonuclear Experimental Reactor (ITER) [1]. During ITER operations, W is 

exposed to a plasma of hydrogen (H) and its isotopes (deuterium and tritium) at low 

energy (from tens to hundreds of eV) and high fluxes (10
22

–10
24

 ions/m
2 s), which 

poses many challenges for the PFMs. One issue for W is the retention of H isotopes. 

The resultant supersaturated H isotopes within W may cause severe blistering and 

surface modification even when the incident energy is below the threshold for 

displacement damage [2, 3]. Such blistering causes dramatic degradation in the 

mechanical properties (e.g. H-induced hardening and embrittlement [4, 5]) and 

thermal properties (e.g. decreased thermal conductivity). Moreover, the bursting of 

the H blisters triggers the formation of W flakes which may contaminate the core 

plasma and disturb the steady discharges. Therefore, understanding the blistering 

behavior in W is a key to the development of PFMs that can withstand the harsh 

environment inside the fusion reactor. 

A cavity generally refers to either a void or a gas bubble beneath the surface. A void 

is an empty cavity that grows and shrinks by the absorption of vacancies. On the other 

hand, if the addition of gas causes the cavity to become spherical, the cavity could be 

considered a bubble. A blister refers to a void or gas bubble close to the sample 

surface, which can be observed by scanning electron microscopy (SEM) or optical 

microscopy [6, 7]. For H plasma exposure, blister means the dome-shape structure 

observable on the surface, usually associated with an underlying subsurface cavity 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

 

4 

 

that could be confirmed by SEM views of the cross section prepared by focused ion 

beam (FIB) [2, 8, 9].  

The surface blistering of W is generally linked to the cavity formation as a result of 

plastic deformation [3, 6, 10], dislocation loop punching [6, 11], agglomeration of 

H-vacancy complexes [12], and solute H isotope distribution [13]. Among them, 

plastic deformation and dislocation loop punching are widely regarded as the most 

common and trustworthy growth mechanisms of the sub-surface cavities (i.e. 

H-bubbles). The plastic deformation mechanism, which relates to the plastic 

deformation near the metal surface when small bubbles grow, has been reported as 

responsible for both inter- and intra-granular blisters [3, 14]. For inter-granular 

blisters, large cavities mainly arise at grain boundaries. The lateral elongation 

directions of high-dome blisters were found to coincide with <111> directions, which 

is attributed to the mechanical stress induced by H (or its isotopes) gas pressure in the 

cavity from the super-saturated bulk inventory [14]. Meanwhile, the intra-granular 

blisters are associated with the cavities inside individual grains. Based on the plastic 

deformation mechanism of W, a pronounced dependence of the blistering behavior on 

the crystal orientation has been widely acknowledged and used to explain the step-like 

structures of blisters observed [3]. Moreover, a few nanometer-scale experiments also 

revealed the plastic deformation during the blister formation [15-17]. According to 

TEM observations of W samples polished from one side, Dubinko et al. [15, 16] 

suggested that plasma irradiation would strongly increase the dislocation density. 

They claimed that high-heat flux plasma causes a strong temperature gradient and 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

 

5 

 

stress distribution across the surface, and that the severe plastic deformation leading 

to the dislocation microstructure is a co-product of thermal stress and intensive 

plasma particle uptake mainly at the beginning of the exposure. They also observed 

individual 'coffee-bean' dislocation loop, and attributed it to the loop punching 

mechanism operating while the bubbles and cavities grow during continuous plasma 

exposure [16]. Unfortunately, a direct link between the dislocation microstructure and 

the cavity structure is still missing due to the limitations of the TEM sample 

fabrication method used. Thus, the underlying mechanism of blistering behavior 

remains unclear. Recently, Guo et al. [17] prepared TEM specimens by twin-jet 

electro-polishing with the plasma-exposed side protected with paraffin. They 

observed dislocation tangles formed in W after H plasma exposure, accompanied by 

intra-granular blisters. It was suggested that the dislocations migrate and interact with 

each other to form tangles or <001> edge dislocation, and this could be the initial 

nucleation mechanism of blisters. Substantial dislocations are expected to form via 

severe plastic deformation of the blister cap. However, those authors thought that the 

loop punching mechanism is not applicable during the blistering process, because they 

observed neither nanometer-scale bubbles nor dislocation loop arrays, contradicting 

the work of Dubinko et al. [16]. Therefore, further efforts are needed to thoroughly 

understand the blistering behavior, especially to clarify the existence of the loop 

punching mechanism.  

Loop punching is a form of plastic deformation [6]. It refers to the process of 

self-interstitial atoms being driven out from the metal/cavity interface to form a 
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prismatic dislocation loop punching out from the interface. The main driving force for 

the loop punching mechanism is the hydrostatic stress induced by internal gas. 

According to Condon et al. [6], loop punching is the main mechanism for H bubble 

growth in multiple metals and alloys including Al and Cu, and it is frequently 

observed in the growth of helium (He) bubbles in W [18-21]. In the microstructure, 

the loop punching mechanism is accompanied by chains of nanometer-sized loops 

aligned along their Burgers vectors [6]. This mechanism may also be identified by the 

morphology of the cavity and surface blister, when the surface terrace mimics the 

internal cavity [14]. With such observations, loop punching is believed to be one of 

the main mechanisms for H cavity growth in W after an H2 gas bubble nucleates at a 

vacancy cluster [22]. While the loop punching mechanism is a key assumption used in 

modeling work [23-25], its direct evidence such as the described dislocation loop 

arrays has not been reported.  

Note that the lack of the experimental observations of micro- and nanometer-size 

blistering behavior makes it difficult to understand the growth mechanism of cavities. 

In this study, we utilized TEM techniques to characterize the damage microstructure 

in W induced by H plasma exposure. The flash polishing technique could effectively 

remove FIB-induced surface damage to enable detailed study of the dislocation 

microstructures of the samples. These microstructural features are necessary to 

elucidate the operative cavity growth mechanisms. In conjunction with the analysis 

using a continuum model, a multi-stage growth mechanism of the H cavity in W after 

H-plasma exposure is proposed. 
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2. Experimental 

Polycrystalline W (99.99 wt% purity) was supplied by Plansee Gruppe, Austria and 

heat-treated under vacuum at 1873 K for 2 h after electro-polishing. The samples were 

exposed to a high-flux H plasma beam in the Magnum-PSI linear plasma device 

(DIFFER, Eindhoven, the Netherlands) for steady-state exposure in ITER-relevant 

conditions [26-28]. The electron temperature and density were measured by Thomson 

scattering. The H plasma flux was determined by the temperature of the plasma beam 

and controlled at about  –              . The total fluence was about 

            , and the ion energy was fixed at ~50 eV by negatively biasing the 

sample. A water cooling system was applied to the back side of the samples to control 

the surface temperature. In this work, the surface temperature was set at ~573 K. 

A xenon plasma-FIB system (FEI Helios G4 CXe) was utilized to extract TEM 

lamellae from the irradiated W sample, in order to observe the cross-sectional foils 

parallel to the plasma exposure direction. Xe
+
 plasma FIB has the advantage of 

inducing typically 20–40% less damage than Ga
+
 FIB during the fabrication process 

[29, 30]. In order to remove the damaged layer on both sides of the lamellae caused 

by plasma FIB, a final flash polishing procedure was carried out at 14 V in and 

solution containing 0.5 wt% NaOH aqueous at 273 K for 10 ms. TEM microstructural 

observation was performed on an FEI Talos F200 microscope operated at 200 kV. The 

morphology of irradiated damage defects was detected under two-beam condition in 

the scanning transmission electron microscopy (STEM) mode. 
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3. Results  

Fig. 1 provides the cross-sectional overview of a W sample after exposed to H 

plasma. The blisters observed on the exposed surface were directly linked with 

cavities beneath the surface, which were within 4 μm from the surface and typically of 

micro-cavity shapes with a length of 1 μm or less. Noticeable dislocations can be 

observed in the vicinity of the cavities, and the dislocation density rapidly decreases 

away from the cavities. Most dislocations located away from the cavities are aligned 

in arrays (or strings) that can be linearly linked to the cavities, suggesting that these 

dislocation loop arrays/strings may have originated from these cavities. There are two 

distinctive       directions (        and        as shown by the white arrows in Fig. 

1) along which most of the dislocation loop arrays are aligned. Dislocations as far as 

11 μm away from the exposed surface can be observed. 

Fig. 2 are the enlarged images of the left side in Fig. 1, with the typical morphology 

of large-scale dislocation loops distributed around the cavities. Fig. 2 (a) shows the 

length of cavities is larger than 500 nm, with the nearby dislocation loops presumably 

emitted from the cavities. The enlarged views of areas 1–4 in Fig. 2 are depicted in 

Figs. 2 (b)–(e), respectively. In order to conduct Burgers vector analysis of these 

dislocation loops, the g·b = 0 invisibility criterion was applied. The adopted 

diffraction vectors are g1    , g2     , g3     , and g4     . When the 

dislocations of interest are out of contrast, the diffraction vector g is marked in yellow 

color. The dislocation loops in areas 1 and 3 are invisible with g4     , indicating 

that their Burgers vectors are        
 

 
      . Coincidentally, the invisible 
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conditions of the dislocation loops in areas 2 and 4 are also the same, which means 

that their Burgers vectors are        
 

 
      . According to Fig. 2, these 

dislocation loops are edge dislocation loops (ie. prismatic loops). The string of 

arrayed dislocation loops in W under H plasma exposure was experimentally observed 

here for the first time. 

Small size dislocation loops with a typical 'coffee-bean' shape were also observed 

after the plasma exposure. Fig. 3 shows a chain of 'coffee-bean' dislocation loops near 

the large-scale dislocation loops in area 1 (depicted in Fig. 2 (b)). Both types of 

dislocation loops have the same Burgers vector        
 

 
      . These 

prismatic loops are also arranged along the         direction, which is the same as the 

loops distributed in area 1 in Figs. 1&2.  

Besides, individual 'coffee-bean' loops were observed near the cavity beneath the 

surface, as shown in Fig. 4. According to the g      criterion, the Burgers vector 

is     
 

 
      . Other studies also reported the existence of the individual 

'coffee-bean' loop [16]. We tend to believe the individual 'coffee-bean' loop originates 

from the interactions between dislocations because of its separate occurrence.  

Fig.5 shows an array of dislocation observed in another grain exhibited different 

features from the prismatic loops mentioned above. The length of cavities in this grain 

is found to be about 200-500 nm, which is apparently smaller than the cavities 

observed in Figs.2-4. According to g      invisibility criterion, their Burgers 

vector is     
 

 
      . As shown in Figs. 5(a) and (b), the arrayed dislocation 

loops exhibit typical features as dots or short strings aligned along        direction, 

indicating that the dislocation loops are along the slip plane which is parallel to the 

beam direction z=[011]. Thus, the dislocation loop plane can be confirmed to be 
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(    ). In other words, these dislocation loops are shear loops on (    ) plane with 

Burgers vector   
 

 
      . 

Therefore the current TEM observations confirm the existence of both prismatic 

dislocation loops and shear dislocation loops, consistence with the loop punch 

mechanism and the shear loop emission mechanism. These two mechanisms will be 

discussed in the following section, in relation to the cavity growth. 

 

4. Discussion 

In order to figure out the growth mechanism of the in-grain H cavity in W, one 

usually needs to examine the morphology of the cavity [31] and dislocations nearby. 

According to Kolasinki et al. [25], the shape of the cavity can be determined by the 

growth mechanism. In the present study, the observed dislocations in the 

flash-polished sample may also shed light on the different growth mechanisms of 

cavities. Most of the dislocations observed under TEM are correlated with (or in the 

vicinity of) the cavity. However, the cavities are not the only source of dislocations in 

W. A high-heat flux plasma will also cause a strong thermal gradient via fast heating 

of the surface, which consequently leads to inhomogeneous stress with the highest 

gradient at the top surface. It is conceivable that, prior to the appearance of H cavities, 

numerous dislocations have occurred under the plastic deformation induced by the 

high stress gradient [16]. However, the main concern in this study is the growth 

mechanism of the cavities, not the initial dislocation sources. The perspective of 

growth mechanism is based on TEM observations that the dislocations are distributed 

around the cavities in the near-surface. Thus, here the “growth mechanism” refers to 
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mechanical deformation of the metal during the growth of the cavities irrespective of 

the initial nucleation process. Besides, it is pertinent to point out that the dislocations 

are distributed both near and away from the cavities. The maximum depth of 

dislocations is three times more than the location depth of cavities. The salient feature 

is ascribed to the movement and propagation of dislocations during the growth of 

cavities. 

Based on the experimental results, it could be inferred that both the loop punching 

and shear loop emission from the cavity tip exist during the growth process of cavities. 

These two mechanisms are expected to produce dislocations with different 

distribution patterns: the loop punching mechanism only produces chains of prismatic 

loops with the same Burgers vector, while the shear loops emitted from the cavity tip 

are usually located near the cavity. It is important to explore the factors determining 

which mechanism is activated and/or dominant. In order to explain the salient feature 

of cavities and dislocations observed by TEM, below we will apply a continuum scale 

model to analyze the growth mechanism of cavities with varying morphologies at 

different stages.  

4.1 Loop punching mechanism 

The observation of chains of prismatic dislocation loops in Fig. 2–4 indicates that 

the dislocation loop punching mechanism is a major one during the growth of H 

cavities. 

Consider a small flat elliptical cavity with axis lengths of a, b, and c (Fig. 6 (a)) that 

grows by loop punching. For the flat ellipse, a = b > c, and the axis ratio k = a/c is the 
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major variable determining the shape of the ellipse.  

For the elliptical cavity, the energy to form a dislocation loop is given by [31]: 

                                 
           

  
    

  

  
                      (1) 

In equation (1), L is the circuit length of the punched-out loop,       is the length of 

Burgers vector,    is the length of the dislocation source, while    is the distance at 

which the dislocation loop can be punched out. According to the theoretical study by 

Greenwood et al. [31],      and         . L equals to the perimeter of the cross 

section of the elliptical bubble in the dislocation loop direction, and it can be 

evaluated by type II elliptical integration: 

       
      

    

 

 
   (2) 

      
  

               
    

 

             
 (3) 

  is the angle between the loop Burgers vector and the long axis of the elliptical 

bubble. 

The free energy change to produce the dislocation loop can be expressed as: 

                                    (4) 

     is the cross-sectional area of the elliptical bubble, and    is the pressure 

difference between the inside and outside. 

According to Young-Laplace theorem [32],  

         (5) 

and when using the following approximations for the surface area and volume of an 

ellipsoid: 

                  (6) 
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              (7) 

We can obtain 

    
 

 
  

 

 
 

 

 
  (8) 

For the spontaneous punching-out of a dislocation loop, the system energy should 

satisfy       , then   satisfies: 

   
 

 
 
                

   
   

 

         
 

 

       
 

     
   

  
 

 
        (9) 

the loop can be spontaneously punched out. 

As a special case of the elliptical cavity, when k=1, which represents a spherical 

bubble, the equation can be roughly evaluated by the well-known form of loop 

punching pressure [31], 

                 (10) 

In bcc W, only loops with the Burgers vector     
 

 
      can be punched out. 

Assuming the long and short axis directions of the elliptical bubble are aligned along 

      and      , respectively, then         
 

  
        , and the pressure 

required for loop punching with different cavity sizes and axis ratios is shown in Fig. 

7. 

It is clearly shown in Fig.7 that the loop punching threshold pressure decreases for 

larger cavities [31, 33]. However, the non-monotonic behavior of the threshold 

pressure with the change of axis ratio k is due to the competition between the 

decreasing loop size and the increasing specific surface area. With increasing axis 

ratio, the pressure first decreases as a result of reduced loop perimeter (the integral 

      in Eq. 2). Then, with higher k values the pressure increases almost linearly 
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with k, which is attributed to the increased specific surface area of the bubble. With a 

greater k, the bubble needs to overcome a higher surface energy for each unit volume 

it gains. Thus, it can be inferred that for flat cavities with large k values or crack-like 

bubbles with sharp tips, the great required loop punching pressure makes this 

mechanism unfavorable.  

A similar situation has been reported by molecular dynamics simulations for the 

growth of He bubbles in W. The He bubbles were found to grow by pushing out W 

self-interstitial atoms and rearranging into a prismatic dislocation loop with a Burgers 

vector of    
 

 
     , and the loop moves away from the bubble along the       

direction once the number of self-interstitial atoms exceeds the threshold [19, 34, 35]. 

While that worked well for the case of nanometer-scale He bubbles, the situation is 

dramatically different for H cavities observed in our study, mainly in the shape of the 

subsurface cavity. Unlike the spherical He bubbles, the H cavities have a crack-like 

structure with a wide size range in their nearby loops (as shown in Fig. 2). Therefore, 

the mechanism responsible for the growth of H cavities in this study should be more 

complicated than the general loop punching mechanism suggested for He bubbles. 

Notably, another growth mechanism of the H cavity here is the emission of shear 

loops from the cavity tip. 

4.2 Shear loop emission from the cavity tip 

Fig. 5 shows a typical case of cavity growth by the emission of shear dislocation 

loops, below is the analysis of this mechanism. 

For shear loop emission from the edge of an elliptical cavity, the cavity can also be 
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assumed as a round-tip elliptical crack that is expanding with internal load. According 

to Huang et al. [36], the force needed to emit a dislocation near a rounded-tip cavity 

is: 

                      
 

 

     
 

 
         

 

 
   (11) 

   refers to the generalized mode I cavity stress intensity factor, assuming that the 

blunt cavity is replaced by a sharp cavity at the curvature center [37]. The schematic 

is shown in Fig. 6. The combination of       denotes the position in a radial 

coordinate system, and   is the curvature radius of the rounded cavity tip.  

Note that the exact geometry of the cavity-tip region on the atomic scale is hard to 

determine, even though the overall cavity shape is considered flat elliptical. Moreover, 

the TEM results shed no light on the structure at the cavity tip. Thus, when 

considering shear loop emission from the cavity tip,   is assumed to be an 

independent variable not affected by the overall shape of the cavity.  

Meanwhile, for a sharp elliptical cavity, the stress intensity factor    is given by 

[38]: 

           (12) 

This assumption was also used in the finite element analysis by Li et al. [39].  

The main resistance against the emission of shear loop is the image force and the 

ledge force: 

         
      

 

        
 (13) 

         
 

 

           

     
 (14) 

   
 

 
 

 

   (15) 
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Both forces are resistance for shear loop emission.   refers to the distance between 

of the emitted shear dislocation loop and the cavity tip. There is a threshold value    

(when     , the shear loop can be emitted) that is material dependent.  

In real situations, according to Zhu et al. [40] a dislocation is usually emitted from 

the cavity tip or nearby source in the form of gradually expanding shear dislocation 

loop (instead of a prismatic loop). Only when the dislocation loop expands to a certain 

extent can it be emitted from the cavity-tip successfully. The activation of the shear 

loop emission requires the loop size to be large enough, so that the segments within 

can overcome the image force. According to Rice et al. [41], the radius of active loop 

in W is around           . Thus, we use the approximation            in Eq. 13. 

When the emit force is greater than the resistance for the dislocation, the stress 

satisfies: 

                     
 

 

     
 

 
         

 

       
    

   

         
 

 

 

      

     
  (16) 

In which: 

        (17) 

    can then be simplified as: 

     
 

    
  

   

 
    

 

 
         

 

      
    

  

         
 

 

 

      

     
  (18) 

And the corresponding   is  

   
     

 

    
 

 
         

 

    
 
 

    

        
 

         

     
   (19) 

In this model, the required stress for dislocation loop punching in the H cavity in 

Fig. 4(a) (the size of the cavity is around 1 μm, and the axis ratio is around 25) is 

~150 MPa, while the corresponding threshold pressure is ~330 MPa. Apparently, with 
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this length scale and cavity morphology, the loop punching mechanism is favored. 

Moreover, the shape of the surface cavity resembles that governed by loop punching 

mechanism according to Ref. [25] 

We depict the pressure required for shear loop emission from the tip of the cavity in 

W in Fig. 7. The figure also compares the pressures for loop punching and shear loop 

emission.  

4.3 Competition between the two mechanisms 

Fig. 8 shows the required internal gas pressure for both the loop punching and the 

shear loop emission mechanisms for cavities with sizes over 50 nm. For smaller 

cavities, the pressure required for the shear loop emission is relatively lower, and 

therefore this mechanism will be the first to activate. As the cavity grows, the pressure 

required for both mechanisms will decrease, but the decrease rate is higher for the 

loop punching mechanism. For an elliptical cavity with k = 100, the loop punching 

mechanism is activated when the cavity size is beyond a critical length of 100–150 

nm, depending on the curvature radius at the cavity tip. Increasing k value will 

increase the critical length: for k = 500 the critical length is around 250–400 nm.  

Note that the above model is valid only when the dislocation source could produce 

a sufficiently large shear loop to activate the emission process. Therefore, when the 

size of cavity is smaller than the activated loop radius (       ≈13 nm), the 

above-mentioned shear loop emission model does not apply. In general, when the size 

of cavity is smaller than the radius of the activated loop, the    value must be 

comparable to the cavity size. Here, we simply assume    to be small compared to 
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the bubble size  , as shown in Fig. 5(c).  

        (20) 

and     . 

The required gas pressure for shear loop emission from small cavities is depicted in 

Fig. 8. It is obvious that very small cavities are dominated by the loop punching 

mechanism. With growth of the cavity, the shear loop emission mechanism becomes 

more favored when the cavity size exceeds ~10 nm.  

Based on the theoretical analysis results, we found that the loop punching 

mechanism is favored over the shear loop emission mechanism in two types of 

cavities: very small ones (<13 nm) that cannot produce a large enough activated shear 

loop, and large ones exceeding the critical cavity size. Meanwhile, shear loop 

emission is favored in the medium sized cavities. This finding may also explain the 

simultaneous existence of large arrayed prismatic loops and arrayed small 

'coffee-bean' loops in Fig. 3, while the loops with intermediate sizes are missing. 

In the experimental observation, the shear loop mechanism is characterized by the 

chain of prismatic loops with similar sizes to the cavity. These loops have very high 

diffusivities and may move far away from the cavity under thermal activation. 

Dislocation emitted from the crack tip, however, cannot diffuse without external load 

or excess gas pressure. The emit force on a shear loop decreases with increasing    

(neglecting the 
 

 
 
  

 term in eq. (11)). Considering the constant friction force, the 

emitted shear loop may not get far away. A complex dislocation network may form as 

a result of the emission of shear loops with different Burgers vectors and the 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

 

19 

 

interaction between them [33]. Dislocation reaction within the networks may leave 

behind separate 'coffee-bean' dislocation loops, which are also observed in the 

experiment. Thus, we suggest that the experimentally observed dislocation 

configurations in the microstructure is probably due to a multi-stage growth process 

of H cavity: (1) When the sizes of the cavities are very small, they grow mainly by 

loop punching mechanism. Since the punched-out loop may not exceed the size of the 

cavity, this mechanism leaves behind arrayed 'coffee-bean' loops. (2) At intermediate 

sizes, the cavities grow mainly by the shear loop emission mechanism, which 

resembles the development of plastic crack. At this stage, dislocations are primarily 

series of gradually expanding shear loops, which may easily get entangled near the 

cavity. (3) At large sizes, the cavities grow by loop punching mechanism again. The 

punching-out loops can be observed as large-size arrayed prismatic loops.  

 

Conclusions 

In this study, explicit cross-sectional view of the blistering morphology in W after 

exposure to low-energy high-flux H plasma was achieved by dedicated TEM sample 

fabrication. The cavities observed on the surface are associated with the cavities 

beneath the surface. A considerable amount of dislocations was distributed in the 

vicinity of the cavities. More specifically, small-scale 'coffee-bean' prismatic 

dislocation loop string, a few chains of large-scale prismatic dislocation loops, and 

shear loops were observed experimentally for the first time. 

An integrated mechanism was put forward to explain the growth of the cavities, 
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based on cavity-tip induced shear loop emission and loop punching. With increasing 

cavity size, the growth process could be divided into three stages. Firstly, loop 

punching occurs for the nanometer-sized bubbles due to the ultra-high internal 

pressure, forming the small-scale 'coffee-bean' prismatic loop string. Secondly, the 

shear loop emission mechanism is taken as a result of increasing length of dislocation 

source and active shear loop size. This coincides with the appearance of shear loops 

arrayed at the tip of the cavity. Thirdly, further increase in the cavity size would again 

favor the loop punching mechanism, which is consistent with the observation of the 

large-scale arrayed prismatic loops. The H cavities, with their high axis ratio and low 

curvature radius at the tip (crack-like), favor the shear loop emission mechanism. On 

the contrary, H cavities with a low axis ratio and a high curvature radius (bubble-like) 

are more prone to have the loop punching mechanism.  

This study utilized both experimental and theoretical methods to provide new 

insights into the underlying mechanism of blistering behavior. Furthermore, we 

obtained essential information about the methodologies in research of the 

microstructural evolution in PFMs, which is of vital importance for the development 

of nuclear fusion. 
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Fig. 1 An overview of the W microstructure after exposure to H plasma at 573 K. The 

bright field (BF)-STEM image was taken under the two-beam condition using the 

reflection g = 020. The cavities (marked by red circles) are located within 4 μm 

beneath the exposed surface, with visible dislocations around the cavities. 

Dislocations were observed as far as ~11 μm from the exposed surface. Most of the 

dislocation loop arrays are aligned along         and       , which are labeled by 

white arrows. 
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Fig. 2 (a) Typical morphology of dislocations (loops) distributed around the cavities. 

The length of the cavities is larger than 500 nm. (b)-(e) Enlarged images of areas 1–4 

labelled in (a), respectively. The Burgers vector of the dislocation loops was identified 

by applying the       criterion. The invisible condition was identified with the 

diffraction vector g highlighted in yellow color. The invisible diffraction conditions of 

areas 1 and 3 are the same, correspondingly, the Burgers vectors of the arrayed 

dislocation loops in areas 1 and 3 are both        
 

 
      . Meanwhile, the 

Burgers vectors of the dislocation loop arrays in areas 2 and 4 are the same as 

       
 

 
      . 

  

 



 

 

 

 

Fig. 3 A chain of 'coffee-bean' dislocation loops located in the vicinity of the 

large-scale arrayed dislocation loops (depicted in Fig. 2(b)). The Burgers vectors of 

these two types of prismatic loops features are both b = 
 

 
      . 

 

 

 

 

 

 

  



 

 

 

 

Fig. 4 (a) A distinct microstructure of the cavity located beneath the exposed surface. 

A considerable amount of dislocations was distributed in the vicinity of the cavity, 

with notable dense dislocation network at the tip of cavity. (b) Enlarged images 

illustrating the individual 'coffee-bean' dislocation loop located near the surface. 

According to the       criterion, the Burgers vector is b =  
 

 
      .  



 

 

 

Fig. 5 Morphology of non-edge dislocation loops arrayed at the tip of the cavity along 

the        direction. The Burgers vector is     
 

 
       and the slip plane is 

      . The length of these cavities is about 200-500 nm, which is apparently smaller 

than the cavities observed in Fig.2-4. 

 

  



 

 

 

 

 

 

Fig. 6 Schematics for the growth mechanism of H cavities. (a) Structure of the H 

cavity model and (b) the loop punching mechanism. Driven by the internal gas 

pressure, prismatic loops are punched out as a chain. The Burgers vector of the 

punched-out chain of loops is  1/2<111>, and the sizes of individual loops are 

similar to that of the cavity. (c) The shear loop emission mechanism. When the cavity 

is crack-shaped, the dislocations are emitted from the crack tip as gradually expanding 

shear loops.  

 

 

 

 

 

  



 

 

 

Fig. 7 Internal hydrogen gas pressure required for loop punching from an elliptical 

cavity with different sizes (a) and axis ratios (k = a/c).  

 

 

 

 

 

 

 

 

 

 

  



 

 

 

 

Fig. 8 (Color online) Comparison between the threshold pressure for shear loop 

emission (blue) and loop punching mechanism (black) at the cavity length of 

hundreds of nanometers. The mechanism that requires less pressure will be activated 

first. At this stage, large cavities grow by the loop punching mechanism, while the 

small cavities grow by the emission of shear loops. 

 

  



 

 

 

 

Fig. 9 (Color online) Comparison between the threshold pressure for shear loop 

emission (blue) and loop punching mechanism (black) with cavities smaller than 20 

nm. The mechanism that requires less pressure will be activated first. At this stage, 

small H cavities grow by punching out nanometer-scale 'coffee-bean' loops, while 

larger cavities grow by the emission of shear loops. 
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