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Abstract. Surface morphology and deuterium retention in tungsten have been examined after 

exposure to a low-energy deuterium plasma with an ion fluence of 6.0×10
24

 D/m
2
 at various 

temperatures. Optical differential interference contrast microscope and scanning electron 

microscope equipped with focused ion beam were applied for surface observations. D (
3
He, p) 

4
He nuclear reaction at 

3
He energies varying from 0.5 to 4.5 MeV was used to determine the 

deuterium depth distributions within the depth of 8.0 m. The thermal desorption 

spectroscopy was applied for deuterium retention measurement. The observed surface 

blistering and deuterium retention are found to strongly depend on the exposure temperature. 

At 230 K, many small blisters are formed on the tungsten surface. As the exposure 

temperature increases to 370 K, the blisters become sparser and larger. At 520 K no blisters 

appear. The deuterium retention is 1.4×10
20

 D/m
2 
at 230 K. Then it increases to 1.1×10

21
 D/m

2
 

as the exposure temperature rises to 370 K, and decreases to 2.3×10
20

 D/m
2
 at 520 K.  
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1. Introduction  

Tungsten is a candidate material for plasma-facing materials in future fusion devices [1], 

because it exhibits high melting point and thermal conductivity as well as the low erosion rate. 

Tungsten in future fusion devices will be exposed to intense fluxes of energetic hydrogen 

isotopes, helium and neutron [2]. Experiments have shown that tungsten is prone to be 

blistering under deuterium implantation [3–5]. The implantation process also leads to the 

concern about deuterium inventories in tungsten[6]. Previous investigations demonstrated that 

a dependence of the blister formation and deuterium retention on particle fluence, irradiation 

duration, tungsten surface properties and exposure temperature [7–9]. The studies about the 

influence of temperature were mainly carried out at 300-900K [9–11] and the results differ 

from each other due to different plasma devices and different sample types [12,13]. Although 

Ref [14] has reported the blistering morphology of W samples exposed at 230 K, the D 

retention profile is not provided in that work. The main objective of the present work is to 

study the temperature dependence of surface blistering and deuterium retention in tungsten 

after exposure to deuterium plasma (⩾10
20

 ions/m
2·s) at different temperatures including the 

lower values. We investigate the deuterium behaviour in tungsten after exposures at 230 K, 

370 K and 520 K for more than 16 h. We are focusing on the influence of temperature while 

keeping other experimental conditions the same for all the exposures. Surface modification 

will be described, and the deuterium depth profiles will also be discussed in attempt to further 

understand the connection between the observed blistering features and the D retention 

behaviour. 

 

2. Experiment 

Tungsten samples with dimensions of 12×15×0.8 mm
3
 were cut from a hot-rolled sheet 

(PLANSEE, 99.97% purity). They were mechanically polished until the surface was 

mirror-like. Subsequently they were annealed in vacuum (<10
-6

 Pa) for 2 h at 1200 K for 

hydrogen degassing, surface stress release and oxide layer removal. The polished surface of 

initial W sample after annealing is shown in Fig.1.The grains are visible, and the average 

grain size is about 6 m. 

 

 
Fig.1. Polished surface of initial W samples after annealing 

 



Deuterium plasma implantation were performed in a low-pressure steady-state electron 

cyclotron resonance (ECR) plasma chamber ‘PlaQ’ [15]. To generate a deuterium plasma, D2 

gas was filled in the plasma generation section to a pressure of 1.0 Pa. The deuterium ion flux 

consisted predominantly of D3
+
 ions (94 %) with minor contributions of D2

+
 (3%) and D

+
 (3%) 

[16]. The samples were exposed to deuterium plasma for 16 h 47 min with a fluence of 

6.0×10
24

 D/m
2
 at 230, 370 and 520 K. A bias voltage of -200 V DC was applied for all 

implantations. Together with the plasma potential of 15 eV this yields ion energy of 215 eV. 

For the dominant ion species D3
+
 this corresponds to ion energy of 72 eV per D atom. But for 

the small fraction of D
+
 ions the maximum ion energy is 215 eV. We used two open circuit 

thermostats one with silicon oil and the other ethanol to control the sample holder temperature 

between 230 and 520 K.  

The surface modifications were analysed by an optical differential interference contrast (DIC) 

microscope (Olympus LEXT OLS4000) and a scanning electron microscope (SEM, MIRA3 

TESCAN). The sub-surface morphology was observed after cross-sectioning by a focused ion 

beam (TESCAN LYRA3 FEG-SEM/FIB). To reduce artefacts due to the FIB cutting process, 

a Pt film was deposited onto the investigated surface in-situ prior to the cross-sectioning.  

The deuterium concentration profile in the tungsten samples was measured by nuclear 

reaction analysis using D (
3
He, p) 

4
He reaction. To determine the deuterium concentration 

profile up to greater depths, an analysing beam of 
3
He ions with energies varying from 0.5 to 

4.5 MeV was used, which allows us to determine the retained D concentration up to a depth 

of 8 m. The D depth profiles up to the maximum analysis depth of about 8 µm were 

determined by deconvolving the acquired proton spectra from the 
3
He NRA measurements 

using the NRADC data evaluation program [17].  

D desorption from the irradiated W were analysed by thermal desorption spectroscopy (TDS). 

The W targets were heated up to 1273 K with a ramping rate of 1 K /s. The gases such as D2 

(mass 4), HD (mass 3) were monitored by a quadrupole mass spectrometer (MKS 

microVision). For calculating the total D retention, HD and D2 were taken into account. 

 

3. Results 

3.1. Surface morphology 

Optical DIC micrographs of the W targets are shown in Fig.2. The initial W sample is shown 

in Fig.2(a). After exposure to a fluence of 6.0×10
24

 D/m
2
 at 230 K, we can see many 

dome-shaped blisters on the surface which are indicated by the red arrows (Fig.2(b)). We 

measured the size of the blisters. The size is mainly in the range of 0.2-3.6 m and the 

average size is 1.4 m. The blisters are irregularly distributed and seem to appear in groups. If 

the temperature is increased to 370 K, the small blisters disappear, whereas some large 

blisters with size >20 m appear (Fig.2(c)). In addition, we can find that in some cases small 

blisters are formed on top of large blisters. The sample exposed to deuterium at 520 K is 

shown in Fig.2(d). No blisters are formed on the surface, which is similar as the initial sample 

without exposure.   

 



 

Fig.2. Optical DIC micrographs of initial tungsten sample without exposure (a), with D exposure at 230 K (b), 370 

K (c) and 520 K (d). 

 

3.2. Sub-surface morphology 

Fig.3(a)(c) shows the sub-surface morphology of a small blister with a diameter of 2.0 m on 

the sample exposed to deuterium plasma at 230 K. From the picture we can see a narrow 

cavity which is indicated by the red rectangle in Fig.3(c). This cavity is along a sub-surface 

grain boundary. The width of this cavity is about 1 m and the distance to the top surface is 

300 nm. At the exposure temperature of 370 K, the blister size is much larger, and we select a 

blister with a diameter of about 20 m as shown in Fig.3(b). We can see two main cavities 

under this blister in Fig.3(d). They are both in grain boundaries and extend over several grains. 

The larger one is located at a depth of 1.4 m and the smaller one is in a depth up about 3.4 

m. 

 

Fig.3. SEM images of cross-sections of tungsten samples exposed to low energy deuterium exposure with ion 

fluences of 6.0×1024 D/m2 at 230 K (a)(c) and 370 K (b)(d). 



3.3. Deuterium depth profiles 

Figure 3 shows the deuterium depth distribution which is determined using NRADC for the 

de-convolution of the acquired proton spectra. For these three samples, the deuterium 

concentration reaches the maximum of ~1% at the top surface. It should be noted that, this 

concentration in this D-oversaturated layer in top-most surface is actually the averaged value 

by NRADC for the best depth resolution with the present NRA setup. More details can be 

find in Ref. [18]. At 230 K, the deuterium concentration decreases to 0.3% in the depth 

interval up to 127 nm and it drops sharply to 1.8×10
-5

 in depths larger than ~2 m. At 370 K, 

the concentration of deuterium decreases to 0.5% in the depth of 32 nm. When the depth goes 

to 317 nm it decreases to 0.15%. For depths larger than 2.8 m it increases slightly to 0.39% 

and then drops again to 0.28% for depths larger than 4.0 m. This high deuterium 

concentration could be due to accumulation of D2 molecules in cavities created during the 

exposure. Finally, for depths larger than 7 m the deuterium concentration is still 0.11% 

which is much higher than for the other two samples. At 520 K, most of the retained 

deuterium is detectable only within the 33 nm thick top layer. Beyond 33 nm, the deuterium 

concentration decreases to 1.5×10
-5

. Similar phenomenon is also observed in [19]. 

 

Fig.4. Deuterium depth profiles in tungsten after deuterium implantation with a fluence of 6×1024 D/m2 at different 

temperatures. 

 

3.4.  Deuterium total retention 

The D2 desorption spectra for the W samples exposed to D plasma at different temperatures 

are shown in Fig.5. The sample exposed to D plasma at 230 K shows a desorption peak at 

about 460 K. The sample exposed at 370 K shows two peaks. A dominant desorption peak is 

located at about 550 K and the other shoulder peak is located at lower temperature about 

450 K. The sample exposed at 520 K has only one peak at about 560 K.  

We can classify the desorption peaks into two types: the low temperature peak, 450-460 K, 

and the high temperature peak, 550-560 K. According to reaction-diffusion models [20], 

temperature influences the rate coefficients for D diffusion and detrapping. As indicated by 

the D depth profile (Fig. 4), D diffusion in W is very low at 230 K. Therefore, this sample just 

has a low temperature desorption peak.  



For 520 K exposure, the desorption peak is not symmetric, and it extends to 700 K. It 

indicates that the inward diffusion at this temperature is significant. However, at 520 K the 

detrapping rate is also high. The trapped D in the near surface can be easily detrapped and 

releases out of the sample or diffuse inward bulk. Hence, there is only a high temperature 

desorption peak. 

For the medium exposure temperature 370 K, we can find two strong desorption peaks in 

Fig.5. Combined with the depth profiles, it is suggested that at 370 K D diffusion is stronger 

than at 230 K and detrapping is weaker than at 520 K.   

The total D retention, considering contributions from both D2 and HD is shown in the Fig.6. 

The D retention in sample exposed at 370 K shows an amount about 1.1×10
21

 D/m
2
. The D 

retention in the samples exposed at 230 K and 520 K are 1.4×10
20

 D/m
2
 and 2.3×10

20
 D/m

2
 

respectively. They are much lower than that at 370 K.  

 

Fig.5. D2 desorption profiles for W samples irradiated at different temperatures.  

 

Fig.6. Total amount of D retained in W samples irradiated at different temperatures. 

 



4. Discussion 

From what has been shown above, it is clear that the exposure temperature has a great impact 

on the surface blistering and deuterium retention. After exposure to low-energy deuterium 

plasma at 230 K and 370 K, many blisters were formed on the samples surface. Besides, 

cavities were observed underneath the blisters. Fig.3(a) shows that the cavity is in a depth of 

300 nm and the blister diameter is 2.0 m. Fig.3(b) shows that the cavities is located at 3.4 

m deep and the blister size is 20 m. At the same time, one can find that the deuterium 

concentration in this depth range is relatively high as shown in Fig.4. The mechanism of 

plastic deformation due to deuterium supersaturation [21] may be responsible for the blister 

formation and growth [22,23]. The solution of deuterium in tungsten is very low. During 

plasma irradiation, deuterium concentration in the implantation zone greatly exceeds the 

solubility limit. The deuterium in tungsten will stress the matrix lattice until plastic 

deformation occurs to alleviate the stress. This deformation is assumed to be due to the 

generation of vacancies, vacancy complexes and microscopic cavities at depths of several 

micrometres [24]. With more and more deuterium atoms diffusing into the cavities, they can 

recombine on the cavity surfaces. When the pressure of the D2 gas inside these cavities 

exceeds the toughness of the material, the stress can be relaxed by dislocations moving along 

lattice planes through the whole crystallite leading to the cavities at the grain boundaries [25]. 

This corresponds to the cavities which follow the sub-surface grain boundaries in Fig.3. It can 

also be responsible for the blister formation. 

We find that the size of the blisters with D 370 K exposure are larger than that with D 230 K 

exposure and at the same time the cavities are larger and deeper. According to Shu [26] the 

deuterium in vacancy can form the deuterium-vacancy clusters and they can diffuse deeply 

into the bulk. From the NRA results we know that the deuterium concentration at 370 K is 

high in the bulk especially in the depth beyond 2.8 m. It indicates that temperature can 

promote the deuterium or deuterium-vacancy clusters diffusing into the deeper area. 

Consequently, the cavities are located deeper, and the sizes are larger than at 230 K. As 

discussed in section 3.4, the TDS spectra also shows that temperature could enhance the 

ability of D diffusion in W. It corresponds with the NRA data.  

At 520 K we do not find blisters on the surface and the deuterium retention is also very little. 

Roszell et al. have studied the temperature dependence of deuterium retention mechanisms in 

tungsten [9,27]. It is said that different trapping mechanisms occur at about 450 K. If the 

temperature is lower than 450 K, the implanted deuterium could just be trapped in low energy 

trap site. With the temperature increases, the high energy trap site would be created. 

Therefore, the deuterium diffusion process is also very different with varying temperature. 

That may be responsible for our 520 K consequence. But in Roszell’s study, the implanted ion 

energy is much higher than ours and the ion fluence is much lower. It is not easy to interpret 

the absence of blistering and deuterium inventories in W sample after D loading at 520K. A 

corresponding check of this issue is planned for the future.  

 

5. Conclusion 

In the present experiments, significant temperature dependence of surface morphology and 

deuterium retention is found for tungsten exposed to low-energy deuterium plasma for > 16 h 



with ion fluences of 6.0×10
24

 D/m
2
. At 230 K, many small blisters with diameters of 0.2-3.6 

μm are formed on the tungsten surface, and fine cracks are observed in the sub-surface along 

grain boundaries. In this case, the deuterium concentration has the maximum of ~1% in the 

near-surface of 127 nm and in the sub-surface layer (at depths from 127 nm to 2 μm), it 

decreases to 0.3 %. The D retention at this temperature is about 1.4×10
20

 D/m
2
 and the 

desorption peak is located at about 460 K. As the exposure temperature increases, the blisters 

become sparser and larger. The average size is 20 μm, and large cavities with a volume of 

tens micrometres are found along the grain boundaries. As this takes place, the average 

deuterium concentration in bulk with depth of 8 μm is above 0.1%. The D retention increases 

to 1.1×10
21

 D/m
2
 and it has two desorption peaks at about 450 K and 550 K. No blisters 

appear at 520 K, and the deuterium concentration in the bulk is very low. The total retention 

of D is 2.3×10
20

 D/m
2 
and the desorption peak is located at about 560 K. 
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