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1. Introduction  

Owing to their refractory nature and good thermal properties, tungsten (W) and tungsten 

alloys are considered as promising candidate materials for plasma-facing components in 

fusion devices such as ITER and DEMO [1,2,3]. However, these materials exhibit serious 

embrittlement problems at low temperatures particularly in conjunction with recrystallization 

and neutron irradiation [4,5,6,7]. Recently, some authors have demonstrated that fine dispersed 

particles (such as TiC [8,9,10,11] , Y2O3 [
12,13,14], La2O3

 [15,16], etc.) in the W matrix can 

counteract the brittleness through a decrease of the ductile-to-brittle transition temperature 

(DBTT) and an increase of the recrystallization temperature. In its role as a plasma-facing 

material (PFM), however, tungsten would be subject to high heat fluxes and huge hydrogen 

particle fluxes. On the one hand, hydrogen irradiation will lead to the evolution of vacancies, 

voids and blisters, finally resulting in the degradation of the material’s physical and 

mechanical properties [17,18]. On the other hand, hydrogen retention in tungsten is a major 

safety and economic concern in fusion reactors [19]. Therefore, it is of significant importance 

to evaluate the surface modification and deuterium retention behavior of doped W materials 

with respect to their use as PFM in fusion devices.  

The published experimental database on the W+H system contains evidence of a variety of 

blister-like structures and hydrogen retention that depend strongly not only on the plasma 

exposure conditions, such as impact energy, flux, fluence and sample temperature, but also on 

details of the tungsten microstructure [20,21], e.g., grain size and texture, impurities and defect 

densities (vacancies, voids and dislocations). Adding dispersion particles into W may provide 

additional trapping sites for hydrogen and may thus, e.g., change the blistering behavior and 

increase hydrogen retention. Studies of surface modification and retention in W−TiC [22,23], 

and W−La2O3 [ 24 ] have been started recently. However, so far research data for 

yttrium-oxide-doped tungsten (W−Y2O3) on this issue is still not available. 

In our previous work [14,25], a highly condensed fine-grained W−Y2O3 alloy was fabricated 

from mechanically alloyed W and Y powders in collaboration with Beijing Tian−Long 

Tungsten & Molybdenum Co. Ltd (TLWM, China). It was reported that this W−Y2O3 alloy 

exhibited high fracture strength and obvious ductile behavior at low [25] and high 

temperatures [14] and good transient thermal shock resistance [14]. Therefore, the first aim of 

this work is to provide data belonging to a series of experiments dedicated to study the surface 

modification and deuterium retention of W−Y2O3 by exposure to suitable deuterium plasma. 

The second aim of this work is to study the influence of the W grade on blistering and 

near-surface retention by comparing W−Y2O3 with two different pure W grades. One of the 

pure W grades was provided by TLWM, having a similar production route and grain structure 

as the W material doped with Y2O3. The other one was fabricated by Plansee SE (Austria). 

This pure W grade has been subjected to extensive studies with detailed parameter scans 

[20,21,26,27,28,29]. 
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2. Experimental details 

2.1 Specimens 

W doped with about 1.24 wt% Y2O3 (W−Y2O3) used for this study was fabricated from 

mechanically alloyed W (purity: 99.97 wt%) and Y (1 wt%) powders. The detailed procedure 

for the preparation of mechanically alloyed powders can be found in [25]. The subsequent 

production route for this material was developed in collaboration with TLWM. It consists of 

four steps [25]: (1) preliminary densification of mechanically alloyed W−Y powders to square 

geometry by cold isostatic pressing at a pressure of 220 MPa; (2) sintering densification in 

flowing hydrogen atmosphere at temperatures above 2270 K for 4 h; (3) one-way rolling for 

obtaining a ~5.5 mm plate with a deformation of about 75 %; (4) removal of residual stresses 

by a heat treatment to obtain better mechanical properties, e.g., strength and toughness.  

 

 
Fig. 1: Cross-section SEM images of W−T (a) and W−Y2O3 (b). Shown are the cross sections 
perpendicular to the sample surface and perpendicular to the rolling direction prepared by FIB 
cutting. The two cross-sections are horizontally titled by 38° with respect to the viewing plane, 
resulting in compressed distances in vertical direction by a factor of 0.79 (see vertical scale bar). The 
scale bars are valid for both images. The grains show a similar size and grain aspect ratio (length to 
width). The round-shaped black areas in (b) are Y2O3 particles.  

 
Fig. 2: Top-view SEM images of W−T (a) and W−Y2O3 (b and c). The long white arrows indicate the 
rolling direction. The scale bar is valid for all images. (a) and (b) were acquired with a concentric 
backscattered electron detector (CBS), while (c) representing the same area as (b) was captured using 
a secondary electron detector (SE). The two materials have a similar grain size distribution. Y2O3 
particles – identified by EDX – are marked by vertical yellow arrows in (c) and residual pores by 
horizontal yellow arrows.  

 

The two investigated pure W grades provided by different manufactures (Plansee SE, 

Austria and TLWM, China, respectively) were used for comparison. The pure W from Plansee 

SE has a guaranteed purity of 99.97 wt% while the pure W from TLWM has a nominal purity 

above 99.95 wt%. More than 20 different kinds of impurity elements are listed in the chemical 

composition table of the pure W grades. The Plansee SE material was delivered after rolling 

to a ~1.5 mm thick plate and subsequent grinding to 0.8 mm, the detailed fabrication process 

is confidential. The TLWM pure W was rolled in a fabrication process similar to that for 
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W−Y2O3 to a ~7 mm plate, corresponding to a deformation rate of 75 %. To distinguish these 

two pure W specimens, they will be termed as W−P (P = Plansee SE) and W−T (T = TLWM) 

throughout this paper.  

The rolling process leads to variations in the grain morphology (size and shape) and in 

preferred grain orientation, depending on the degree of deformation [30,31]. Differences in the 

grain morphology and grain orientation might influence the blistering behavior of the specific 

tungsten material [20,28]. In general, after rolling, the grains are elongated along the rolling 

direction. For W−P the (sub-) grain dimension perpendicular to the plate surface is the 

smallest with 0.5~1 μm, while parallel to the plate surface the typical size is 1−5 μm [32,33]. 

The grain structure of W−T and W−Y2O3 is shown in Figs. 1 and 2. Both materials have a 

similar grain structure. The typical grain size parallel to the specimen surface is 1−5 μm, 

while perpendicular to the specimen surface the size is 0.4−1.6 μm. That means, W−T and 

W−Y2O3 have smaller grain aspect ratio (length to width) than W−P. This is due to the lower 

degree of deformation of the former two. In Figs. 1(b) and 2(b), many small black dots can be 

seen. In the latter figure, large black grains are also visible. Fig. 2(c) shows the surface 

microstructure of the same area as Fig. 2(b), but in different imaging mode. Fig. 2(b) was 

acquired with a concentric backscattered electron detector (CBS) while Fig. 2(c) was captured 

using a secondary electron detector (SE). CBS mode is sensitive to the compositional contrast 

but also to grain orientation contrast. Energy-dispersive X-ray spectroscopy (EDX) analysis 

indicates that the black dots and the large black grains visible in CBS mode are Y2O3 particles. 

In addition to the information from the backscattered electrons, the secondary electrons give 

rise to a rather good topographic contrast. Note that because of charging the Y2O3 particles 

that look black in CBS mode appear white in SE mode, while pores still appear black in SE 

mode because secondary electron emission from pores is suppressed. It further has to be noted 

that the surface of Y2O3 particles is always recessed compared with the surfaces of 

surrounding W grain (see Fig. 3). This is due to a higher etching rate of Y2O3 particles during 

chemical etching which is the final step during sample polishing (see Sect. 2.2). Because of 

the edge effect in SE mode the white Y2O3 particles appear larger than they are in reality. The 

true size of the Y2O3 particles is visible in CBS mode. A careful comparison of the big black 

grains in Fig. 2(b) with the corresponding white grains in Fig. 2(c) reveals that the latter are 

all larger. In this regard, the residual pores visible in Fig. 2 are most probably not located 

inside Y2O3 particles as it appears in Fig. 2(c), but at grain boundaries. A Transmission 

Electron Microscopy (TEM) image showing the exact position of residual pores in the 

investigated W−Y2O3 alloy is available in literature [25]. The residual pores visible in this 

TEM image are located between W grains and Y2O3 particles, i.e., at the W/Y2O3 interface. As 

for the distribution of Y2O3 particles, the small ones are mainly inside W grains while the 

large ones are distributed along W grain boundaries (Fig. 2), which is consistent with the 

report in [25]. 

All of these W materials contain intrinsic unavoidable impurities such as carbon (C) and 

oxygen (O). For the two pure W grades these impurity concentrations are very small (below 

30 wt ppm). However, due to the contamination with grinding media and/or the leakage of 

atmosphere during ball milling process W−Y2O3 has small traces of extra impurities (in 

weight ppm), such as Mo around 300 (≈ 0.058 at.%), C around 280 (≈ 0.43 at.% ) and O 

around 2500 (≈ 2.90 at.%) [25]. In comparison to the intrinsic C and O impurities of the 
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investigated pure W specimen, the amount of C in W−Y2O3 increased by an order of 

magnitude, and more significantly, the amount of O increased by two orders of magnitude. In 

this respect, it should be noted that the majority of the O in W−Y2O3 has reacted with Y to 

form the high-temperature-stable Y2O3 particles and most of the C has reacted to WC [25].  

 

 

Fig. 3: SEM image of W−Y2O3 after chemo-mechanical polishing and ultrasonic cleaning. The 
surface is horizontally tilted by 52°. The distance in vertical direction is compressed by a factor of 
0.62. Y2O3 particles are marked by yellow arrows. They were identified by EDX analysis.  

 

 

2.2 Specimen preparation and plasma exposure 

Prior to implantation, samples were cut by electric discharge machining (EDM) to 

10×10×0.8 mm3. The exposed surface is parallel to the plate surface, i.e., parallel to the 

rolling direction. The residue from the cutting process was removed by coarse grinding of the 

sample with SiC sand paper. As described in [33], the specimens were then polished to mirror 

finish with a final polishing step involving chemical etching to remove the distorted surface 

layer due to the previous mechanical polishing steps. After polishing and ultrasonic cleaning 

the specimens were degassed in a high-vacuum furnace at a pressure of 10−4 Pa and a 

temperature of 1200 K for 2 h. This temperature is high enough to remove any polishing 

residue from the surface, as well as some impurities, vacancies and dislocations in the near 

surface layer without leading to recrystallization or grain growth. 

All of the different specimen types were exposed simultaneously to deuterium plasma using 

the well-quantified plasma device PlaQ [34]. For the used exposure conditions, i.e., 1.0 Pa 

D2 gas pressure, the impinging ion flux is composed of 94 % D�
� ions, 3 % D�

� ions and 3 % 

D�  ions. Details of PlaQ can be found in [34]. All of the samples were irradiated to a fixed 

fluence of 6×1024 D m−2. The incident D flux was fixed at ~9×1019 D m−2 s−1 and the ion 

energy at 115 eV. This ion energy corresponds to an energy of 38 eV/D for the dominant ion 

species (D�
�). The implantation temperatures investigated here were 370, 450 and 570 K. For 

370 and 450 K, an open circuit thermostat with silicon oil was used to stabilize the sample 

holder temperature. For higher temperatures, e.g., 570 K the sample holder was radiation 

heated by a BORALECTRIC® heater element. The sample holder temperature was measured 

independently by a thermocouple that is pressed against the sample holder from below. 

Additionally the temperature of the plasma-facing surface was directly measured by a 
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microbolometer infrared camera. 

 

2.3 Nuclear reaction analysis (NRA) 

The D amount and the depth profile in the near surface region were measured by ion beam 

analysis using the D (3He, p) 4He nuclear reaction at different 3He energies varied from 0.5 to 

4.5 MeV. The cross section of this nuclear reaction peaks at ~620 keV 3He energy [35]. The 

depth, which is probed for D, depends on the primary energy since the 3He ions lose energy as 

they penetrate the target. The applied experimental conditions yield a maximum information 

depth of about 8 μm. The produced high energy protons from NRA were counted using a 

thick, large-angle solid state detector at a scattering angle of 135° equipped with a parabolic 

slit reducing the solid angle to 29.9 msr. The protons from the nuclear reaction at different 3He 

energies were evaluated to obtain the underlying depth profile using NRADC which is a 

sophisticated analysis program applying Bayesian statistics [36]. These NRA measurements 

were carried out 4~7 days after deuterium implantation. The total accumulated D inventory 

was calculated from the integration of the depth profile. It represents an average value over 

the analyzing spot which has an area of 1 mm2. More details on the experimental set-up for 

the nuclear reaction analysis (NRA), the depth resolution and the data evaluation can be found 

in [21,36,37]. 

 

2.4 Surface morphology 

The surface morphology of the samples before and after D exposure was investigated by a 

confocal laser scanning microscopy (CLSM, Olympus LEXT OSL 4000) and scanning 

electron microscopy (SEM, HELIOS NanoLab 600, FEI and XL30 ESEM, FEI). The height 

and lateral dimensions of the surface modifications were determined by CLSM. The size and 

shape of the grains in the surfaces and in the cross sections were analyzed by SEM, which is 

sensitive to small variations in the grain orientation (crystal orientation contrast). That means 

the sub-grains separated by low-angle and high-angle boundaries are detected and their size 

and shape are determined [32]. Furthermore, the exposed surfaces were examined by energy 

dispersive X-ray spectroscopy (EDX). In order to compare the grain structure perpendicular to 

the rolling direction, cross sections were obtained by focused ion beam (FIB) cutting after 

coating the surface in situ with a Pt-C-layer. The FIB and coating system are included in the 

HELIOS device. For SEM imaging of the cross sections, there is an angle of 38° between the 

normal of the cross section plane and electron beam. 

 

3. Experimental results 

3.1 Surface modification  

Fig. 4 shows surface morphologies of various W specimens after deuterium plasma 

exposure at 370, 450, and 570 K. Specimen surfaces prior to D plasma exposure are 

essentially identical to those after exposure at 570 K. The sub-figures are arranged such that 

the same material appears in the columns and the same exposure temperature in the rows. 

This figure clearly demonstrates the strong influence of implantation temperature and 

specimen type on the surface modifications after exposure to D plasma. For all three different 

types of W specimen the general trend is similar although the details of the surface features 

differ significantly. Before we start with the detailed discussion of the experimental results we 
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would like to add the following statement: Different surface features significantly depend on 

the experimental parameters as well as the deformation mechanisms [20]. However, so far an 

accurate and unambiguous naming system for these surface features after D exposure has not 

been developed. Therefore, in this work all of the surface features due to the exposure to D 

plasma will be termed as “blisters”.  

 

 

Fig. 4: CLSM images of exposed surfaces of various tungsten materials after D plasma exposure at 
different temperatures. The scale bar is valid for all images. The black areas visible in the images of 
W−Y2O3 are Y2O3 particles. They are uniformly distributed in the W matrix. The residual pores cannot 
be seen in these images of low magnification. Specimen surfaces prior to D plasma exposure are 
essentially identical to those after exposure at 570 K. 

 

After exposure at 370 K the surfaces are covered with a large number of small blisters. 

After exposure at 450 K the blister density is somewhat lower, but the blisters are in average 

larger and higher than those at 370 K. After exposure at 570 K no blister was detected on any 

of the samples. On the surface of W−P, most blisters have an almost spherical shape and their 

mean size is larger than those for the other two materials. The mean blister size for W−P is 

larger than the mean grain size. It has been shown previously by M. Balden et al. [20] that for 

W−P the blisters extend across several grains. They are filled with a high pressure of D2 gas 

[29]. Qualitatively the trend observed here for the size and density of blisters on W-P is in 
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agreement with previous investigations of the same material under similar conditions (see, 

e.g., [21]). For W−T, although some of the blisters had domed shapes similar to W−P, most of 

the blisters are smaller and had complex plateau−like shapes. For the same exposure condition, 

the blisters on the surface of W−Y2O3 are much smaller than those on W−T. Particularly after 

exposure at 370 K the blisters are hardly visible in Fig. 4. But on the SEM image with a 

higher magnification (Fig. 5), the blisters on the surface of W−Y2O3 exposed at 370 K are 

clearly discernible. They have diameters up to a few hundred nanometers and appear only 

inside individual W grains.  

 

Fig. 5: SEM image of the surface of W−Y2O3 exposed at 370 K. The black areas are Y2O3 particles. 
Some of the large Y2O3 particles appear white in the center because of charging. The edges caused by 
the different etching rate between W and Y2O3 particles also show white color. The blisters inside 
individual W grains are marked by yellow arrows. 

Tungsten grade W-P W-T W-Y2O3

Average size (     ) 32 8.2 2.5

Most-probable size (     ) 13.5 4.5 1.4

Surface coverage (%) 35 17 3
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Fig. 6: Blister size distribution compiled from CLSM images for various tungsten materials exposed 
at 450 K, shown as a function of equivalent blister diameter. The solid lines indicate fits with 
log-normal distributions. 
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In order to provide a quantitative assessment on how blister diameter varies with the type 

of W specimen, we present lateral size distributions of blisters (Fig. 6) and three dimensional 

(3 D) CLSM images showing the height of blisters for each W specimen (Fig. 7). Because 

blisters on the surface of the W specimens exposed at 450 K are best distinguishable, we 

make a detailed comparison for the three W materials exposed at 450 K only. The histograms 

of the determined blister size distributions are depicted in Fig. 6. In each case, individual 

blisters were identified from the CLSM images and binned according to their equivalent 

diameter (i.e., the diameter of a circle with same projected area.). The equivalent diameter 

was obtained by manually marking the lateral extension of the blister with a straight line. 

Blisters that touch each other are counted as separate blisters and small blisters on top of large 

blisters (this occurs often for W−P) are not counted. Furthermore, distinguishing blisters from 

surface roughness was difficult below 80 nm, and hence, no blisters smaller than 80 nm were 

evaluated. The surface coverage with blisters was estimated assuming circular shapes with the 

determined equivalent diameters. Each of the three shown blister size distributions can be 

well described with a log-normal distribution. The solid lines in Fig. 6 show the fitted 

log-normal distributions. Such distributions arise in many materials processes, where 

time-dependent nucleation and growth kinetics are important [38,39]. Fig. 7 shows the 3 D 

CLSM images of various W specimen types, corresponding to the 2 D CLSM images for 

450 K in Fig. 4. For better visibility, the values in z direction are enlarged by a factor of 20 in 

Fig. 7.  

 

Fig. 7: 3 D CLSM images of various tungsten materials exposed at 450 K showing the height of 
blisters (in μm). The corresponding 2 D CLSM images were shown in Fig. 4. The values in z direction 
were increased by a factor of 20 for all images. The z-scale for W−P is a factor 2 higher than for the 
other materials.  
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After exposure at 450 K, W−P shows spherical blisters with an average blister diameter of 

32 μm (see Fig. 6). Frequently, small blisters are found on top of the larger blisters (Fig. 4). 

For blisters in the size range of 3−30 μm their height is below 0.7 μm, while for larger ones 

(>30 μm), it is 1.1−2.0 μm (Fig. 7). These blisters cover about 35 % of the total surface area 

of W−P with a number density of 300 blisters/mm2. The quantitative values for blister size 

and number density differ somewhat from those reported in [21], but are of the same order of 

magnitude. The differences can probably be attributed to small differences in the experimental 

conditions, since the blistering behavior indeed reacts very sensitively to, e.g., temperature 

variations [21]. The blisters on the surface of W−T appear often in groups with plateau−like 

shapes (Fig. 4) and lower height (0.1−1.2 μm, Fig. 7). The blister diameter of this specimen 

varies from 0.5 μm up to 30 μm. The average blister diameter is 8.2 μm, which is only a 

quarter of the blister size of W−P. Surprisingly the number density is about a factor of 5 

higher than that on W−P. On W−T, the blisters occupy about 17 % of the total surface area. In 

contrast to the appearance of grouped blister on W−T, the blisters on W−Y2O3 tend to appear 

separated and uniformly distributed (Figs. 4 and 7), and the sizes of the blisters seem to be in 

average smaller (average diameter: 2.6 μm, height range: 0.2−0.8 μm). Due to the fact that the 

blister size on W−Y2O3 is close to the lower limit of the detectable size range of the CLSM, 

the actual maximum of the lateral size distribution would shift to lower blister size if a 

substantial fraction of the blisters actually remained undetected in this analysis. Even though 

the blisters on W−Y2O3 show a number density of 3000 blisters/mm2, which is a factor of two 

higher than on W−T, they cover less than 3 % of the total surface area on W−Y2O3. 

 

3.2 Deuterium retention analysis  

Fig. 8a shows the D depth profiles in the topmost 8 μm determined by NRADC [36] from 

the NRA data (see Sect. 2.3) for the different investigated W materials. Fig. 8b presents the 

accumulated D inventories as a function of depth. The accumulated D inventories were 

calculated from the D depth profiles (Fig. 8a) by integration of the D amount from the surface 

to the given depth. Both figures clearly show that the D retention behavior significantly 

depends on the implantation temperature, while it is only slightly influenced by the W grade.  

All D depth profiles exhibit a surface peak with a D concentration of the order of 1 to 4 %. 

The thickness of this D-rich surface layer is for the used experimental condition set to 25 nm. 

This thickness is determined by the achievable depth resolution of the NRA measurement 

parameters and details of the NRADC data evaluation. Recent investigations by Gao et al. [40] 

have shown that the real thickness of this D-rich layer is smaller than 25 nm and consequently 

the local D concentration in the D-rich near surface layer is higher. However, for the 

following comparison of D retention in the here investigated three W grades the details of the 

D concentration profile within this very thin surface layer are not relevant. For all investigated 

temperatures, the surface D concentration maximum of W−Y2O3 shows a comparable value as 

for the two pure W grades (see Fig. 8a).  
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Fig. 8: (a) D depth profiles (topmost 8 μm) for various tungsten materials exposed at 370, 450 and 
570 K determined by NRA. (b) The respective accumulated D inventories versus the depth (integral D 
amount from the surface to the respective depth calculated from the depth profiles presented in (a)) for 
these materials. 

 

For exposure at 370 K, W−Y2O3 shows a second D concentration maximum (3.6×10−3) in 

the depth ranging from 120 nm to 1 μm. For larger depth the D concentration decreases 

approximately exponentially to 2.8×10−4. In comparison, both W−P and W−T show a lower 

second D concentration maximum (about 2.0×10−3) in a depth between 420 nm and 3.2 μm, 

but maintain a slightly higher D concentration at large depth. However, it has to be stated that 

the difference of the D concentrations for depths larger than about 5 μm are comparable to the 

experimental uncertainty. At 370 K the total accumulated D inventory (Fig. 8b) in W−Y2O3 is 

at low depth significantly higher than in W−T and W−P, but towards larger depth (≥ 2 μm) the 

relative difference decreases and at 8 μm it is comparable to the experimental uncertainty 

(7.0×1020, 6.5×1020 and 6.4×1020
 D m−2 for W−Y2O3, W−T and W−P, respectively).  

After exposure at 450 K, both W−T and W−Y2O3 show the second D concentration 

maximum at about 2.7 to 2.9×10−3 in the depth range of 0.5 to 3 μm and then decrease to 

1×10−3. For W−P, the D concentration increases gradually from 3.4×10−4 to 3.7×10−3 in the 

first 5.7 μm and remains at 2.0×10−3 for larger depth. Therefore, as shown in Fig. 8b, W−P 

exposed at 450 K accumulates significantly less D in the first 5.7 μm, but shows a stronger 

increase towards larger depth such that the total D inventories in the topmost 8 μm are 

significantly higher than at 370 K. This contrasts the trend reported in [21], but is likely due to 
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the stronger blistering activity observed here at 450 K. At 370 K, the D depth profile and total 

D retention found here and in [21] are comparable. The total D inventories for W−P, W−T and 

W−Y2O3 reach 10.3, 9.5 and 9.4×1020 D m−2, respectively. The main difference in the depth 

profiles after loading at 370 and 450 K are that in the region close to the surface up to about 

1 μm the D concentration for 450 K is comparable or slightly lower than at 370 K, the second 

concentration maximum is of comparable magnitude, but shifted to larger depth and the 

concentration in depths larger than 5 μm is significantly larger for 450 K loading.  

The depth profiles become flatter at 570 K. Also, the bulk concentration typically becomes 

smaller. As a result, the three W grades show at 570 K a retention that is about one order of 

magnitude lower than that at 450 K. Moreover, W−Y2O3 shows a bulk D concentration of 

about 2.5×10−4, which is about 2 times higher than in W−T, and 20 times higher than in W−P. 

The very low D concentration in W-P at high temperatures under these loading conditions is 

in agreement with the observations reported in [21]. 

 

4 Discussion 

As illustrated in Figs. 4 and 8, the implantation temperature is an important factor affecting 

both blistering behavior and the amount of retained D within the topmost 8 μm of the three W 

grades. Such temperature dependence has also been reported for many different experimental 

conditions [20,21,41,42,43,44,45,46,47,48]. A basic explanation for the temperature dependence of 

blistering and deuterium retention in tungsten can be found in [49,50]. It will not be further 

detailed in the present work.  

Apart from the implantation temperature also the tungsten grade significantly influences 

the blistering behavior, as shown in Fig. 4 (see also [20]). The comparison of the two pure W 

grades with respect to blistering revealed the importance of the W grain structure. The 

microstructure of W−P is layered with highly elongated grains arranged parallel to the surface 

[32,33]. The grain boundaries of these highly elongated grains provide a natural interface for 

blisters nucleation and large-scale crack propagation near the surface [20], thus resulting in 

large blisters with a comparatively high height. For W−T, the W grains are less deformed as 

compared with those of W−P (Fig. 1). In this case, the distance from the surface to the first 

grain boundary is larger than in W−P. It could be too thick to be bulged up by elastic and 

plastic deformation, such that no blisters comparable to those in W−P can be formed. 

Obviously, this leads to the formation of surface structures with much smaller size and height. 

Considering the similar grain structure in W−T and W−Y2O3, we could speculate that the 

higher amount of surface structures with smaller sizes on the exposed surface of W−Y2O3 is 

correlated with the chemical impurities (such as Y2O3 dispersions and WC precipitates) 

[23,51,52,53,54,55,56] and residual pores (see Fig. 2), which leads to a higher density of intrinsic 

trap sites in W−Y2O3. The chemical impurities (in particular, Y2O3 particles) and residual 

pores in W−Y2O3 might, on the one hand, serve as nucleation points, and, on the other hand, 

act as a sinks for D suppressing the growth of blisters by trapping the implanted D and 

preventing its diffusion into the bulk [57,58]. Otherwise, the mechanical properties of the 

material [59,60,61,62], e.g., bond strength of grain boundaries and interfaces, could also be 

considered as a reason for the less significant surface modification of W−Y2O3. But so far not 

much is known about the bond strength of W grain boundaries or the interface between W and 

dispersion particles, such that this hypothesis cannot be tested. The conceivable effects of D 
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implantation into the W matrix and the change of mechanical properties with the implantation 

temperature increase the complexity even further.  

The total amounts of D retained within the NRA information depth for the three different 

investigated W materials are for each loading temperature (370, 450, and 570 K) well 

comparable with each other. However, a more detailed inspection reveals differences in the 

local D concentrations, as shown in Fig. 8a. For example, after exposure at 570 K, W−Y2O3 

exhibits a D concentration that is 2 times higher than in W−T, and 20 times higher than in 

W−P. This is interpreted as a higher density of high-energy trap sites in W−Y2O3, which 

consist of originally existing ones and new trap sites created during deuterium plasma 

exposure. Moreover, it is observed that W−Y2O3 exposed at 370 K has much smaller blisters 

and shows the second D concentration maximum in a shallower depth than the two pure W 

grades. Furthermore, W−P exposed at 450 K has much larger blisters than W−T and its second 

D concentration maximum is shifted to larger depth. It has been suggested that the observed 

blister size is correlated with the depth of the underlying blister cavity, in the sense that the 

cavity of larger blisters occurs in larger depth [20,63]. It has further been suggested before that 

the position of the second D concentration maximum position seems to be correlated with the 

depth of the blister cavities [21]. This seems plausible since the blisters are filled with D2 gas 

[29], and the formation of blisters can in addition locally increase the trap density by creating 

dislocations around the deformed material [21,64]. The observations described above for 

450 K – increasing blister size in the order W−Y2O3, W−T, W−P and corresponding shift of 

the D concentration maximum to larger depth – seem to be in agreement with that 

proposition. 

 

5 Summary 

The blistering and near-surface deuterium retention of Y2O3-doped W and two different 

pure W grades were investigated after D plasma exposure up to a D implantation fluence of 

6×1024 D m−2 at elevated temperatures (370, 450 and 570 K) with a moderate ion flux of about 

9×1019 D m−2 s−1 and an ion energy of 38 eV/D. The implantation temperature played a 

significant role in the blistering behavior and the amount of retained D, which is consistent 

with previous investigations [20,21,41,42,43,44,45,46,47,48]. Exposure at 370 K led to the 

appearance of a large number of small blisters. After exposure at 450 K, the blister density is 

somewhat lower, but the blisters are in average larger and higher, and the total inventory is 

much higher as compared to the exposure at 370 K. After exposure at 570 K no blister was 

detected on any of the samples and the total D inventory is about one order of magnitude 

lower than at 450 K. The W grade also strongly influenced the blistering. For example, at the 

implantation temperature of 450 K, W−P showed spherical blisters with an average diameter 

of 32 μm and a height ranging from 300 nm to 2.2 μm, while W−T exhibited plateau-like 

blisters with smaller sizes (average diameter: 8.8 μm, height distribution range: 0.2−1 μm). 

For W−Y2O3, the sizes of the blisters were further reduced (average size: 2.6 μm, height range: 

0.2−0.8 μm). In comparison, however, the effect of specimen type on near-surface deuterium 

retention was much less obvious. For the three W specimens exposed at each temperature, the 

depth profiles were slightly different and the total D inventories were quite comparable. 

However, a more detailed inspection reveals differences in the local D concentrations. For 

example, after exposure at 570 K, W−Y2O3 exhibits a D concentration that is 2 times higher 
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than in W−T, and 20 times higher than in W−P.  

Overall, under the present exposure condition, W−Y2O3 suffered less surface modifications 

and did not exhibit much higher retention as compared to the two different pure W grades.  
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