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Abstract 

Oxide dispersion-strengthened tungsten (ODS-W) is a promising candidate for plasma-facing materials in future fusion 
reactors. However, the behavior of hydrogen isotopes in ODS-W has not yet been extensively investigated. In this study, the 
deuterium (D) permeation and retention behaviors of three ODS-W materials—W-La2O3 (WLaO), W-Y2O3 (WYO), and W-
ZrO2 (WZrO)—were systematically examined. The microstructures were characterized by backscattered electron (BSE) 
imaging and electron backscatter diffraction (EBSD), and distinct particle sizes and grain features among the three materials 
were analyzed. Besides, D2 gas-driven permeation experiments were performed. Results indicate that WLaO and WYO exhibit 
similar permeabilities, but slightly lower than that of WZrO. Moreover, the D retention behavior is revealed by thermal 
desorption spectroscopy (TDS). The desorption peak of WLaO appears at a relatively high temperature at 1386.8 K, and WYO 
displays a double peak at 773.7 K and 1056.6 K. Meanwhile, WZrO exhibits a single peak at with a desorption flux more than 
one order of magnitude higher than the other two ODS-W. In addition, the retention behavior was further discussed in relation 
to the microstructural features. 

1. INTRODUCTION 

Tungsten (W) is the most promising candidate first wall material for fusion reactors due to its high melting point, 
high thermal conductivity, low sputtering yield, and low tritium retention [1-3]. However, W also faces several 
drawbacks, including high ductile-brittle transition temperature (DBTT), embrittlement under irradiation, and 
recrystallization [4-6]. The studies have shown that oxide-dispersion-strengthened W (ODS-W) with small 
amounts of oxide particle additions (e.g., La2O3, Y2O3, ZrO2, Ce2O3) can not only effectively hinder dislocation 
slip and grain boundary migration in the W matrix, but also act as effective traps for irradiation defects [7-9]. 
Hence enhancing the high-temperature mechanical properties and toughness of W, reducing its DBTT, and 
improving its recrystallization temperature as well as irradiation resistance [10]. 

The permeation and retention of fusion fuel in first-wall materials are closely related to critical issues such as 
plasma steady-state operation, fuel cycle efficiency, and radiation safety [11]. However, hydrogen isotopes (HIs) 
behavior in ODS-W has not yet been systematically studied. Y. Sun et al. [12] investigated deuterium (D) retention 
in W-La2O3 materials under 40 eV D plasma irradiation and found that the D retention in W-La2O3 was about 30% 
higher than that in pure W. M. Zhao et al. [13] performed nuclear reaction analysis on W-Y2O3 and pure W after 
D plasma irradiation, and found that while local D concentrations differed, the total D retention was comparable. 
These studies have mainly focused on the surface blistering behavior of ODS-W under D plasma irradiation and 
the influence of irradiation parameters on D retention. Meanwhile, the investigations on D permeation behavior 
in ODS-W have been rarely reported. 

In this study, the D permeation and retention behaviors in three types of ODS-W materials—W-La2O3, W-Y2O3, 
and W-ZrO2—were systematically investigated to reveal their intrinsic responses to D. The permeabilities of these 
three ODS-W are measured and compared in the temperature range of 973-1123 K on a gas-driven permeation 
(GDP) device. Meanwhile, the D retention behaviors were examined through thermal desorption spectroscopy 
(TDS) experiments. In addition, the retention behavior was further discussed in relation to the microstructural 
characterization results. 

2. EXPERIMENT 

2.1. Materials and Sample preparation 

The materials used in the experiments were ODS-W produced by AT&M Co. Ltd Inc., China, consisting of 2.0 
wt% La2O3 (denoted as WLaO), 2.0 wt% Y2O3 (denoted as WYO), and 1.0 wt% ZrO2 (denoted as WZrO). The 
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materials were processed into plates of 13 mm × 70 mm × 100 mm by hot rolling, and specimens were extracted 
perpendicular to the rolling direction using electrical discharge machining. Disk-shaped samples with a diameter 
of 12.6 mm and a thickness of 1 mm were prepared for GDP experiments, while square samples with dimensions 
of 10 mm × 10 mm × 1 mm were prepared for TDS experiments. 

All samples were annealed at 1223 K for 2 h to remove residual gases. Subsequently, all samples were 
mechanically polished on both sides to achieve a mirror-like finish. For the square samples used in the TDS 
experiments, the four side surfaces were also mechanically polished to minimize the influence of surface 
morphology. 

2.2. Gas-driven permeation and thermal desorption spectroscopy 

The D permeation and retention experiments of ODS-W were carried out on the combined GDP and TDS platform 
at the University of Science and Technology of China. A detailed description of the experimental setup can be 
found in our previous work [14]. 

For the GDP experiments, the samples were placed between two silver-plated gaskets with an inner diameter of 6 
mm and sealed in 1/4-inch VCR couplings (Swagelok Co., USA). A tubular furnace was used to provide the 
required experimental temperatures. After D2 gas was introduced at a controlled upstream pressure, the permeated 
D signal downstream was monitored using a quadrupole mass spectrometer (PrismaPro® QMG 250, Pfeiffer 
Vacuum GmbH, Germany; detection mass range: 1–100 u). Measurements were conducted at temperatures 
ranging from 973 to 1123 K in 50 K intervals. At each temperature, measurements were performed under 3 
upstream driving pressures ranging from ~5 × 104 Pa to ~1 × 105 Pa. D permeability at each temperature was 
derived from the steady-state D permeation flux, with measurements at varying upstream pressures providing the 
experimental error bars. 

For the TDS experiments, D was introduced via static D2 gas charging. Specifically, the samples were exposed to 
a D2 atmosphere at 1173 K and ~1 × 105 Pa for 2 hours, followed by rapid cooling to room temperature to trap D 
within the material. Thermal desorption was then performed. The D-charged samples were heated from room 
temperature to 1453 K at a constant rate of 0.5 K/s under high vacuum (~3 × 10-5 Pa). The actual sample 
temperature was measured using an in-situ K-type armored thermocouple attached directly to the sample. The 
desorbed D signal was monitored by the quadrupole mass spectrometer. Analysis of the resulting TDS spectrum 
provided information on material defects and D retention. 

3. RESULTS AND DISCUSSION 

3.1. Microstructure characterization 

The microstructure is a critical factor governing HIs permeation and retention in materials. For the three ODS-W 
materials investigated, scanning electron microscopy (SEM) was employed to perform backscattered electron 
(BSE) imaging, as shown in Fig. 1. Fig. 1(a-c) show the BSE images of WLaO, WYO, and WZrO, respectively. 
A clear contrast is observed between the dispersed oxide particles and the W matrix, indicating well-defined 
interfaces. The particle sizes of the three dispersoids differ significantly. Based on lower-magnification BSE 
images analyzed with ImageJ software [15], the size distributions of the dispersed particles were obtained in terms 
of equivalent circle diameter, as shown in Fig. 1(d-f). WYO has the largest average particle size, followed by 
WLaO, and WZrO has the smallest. In addition, a small fraction of coarse particles with diameters up to 10 μm is 
present in WYO. Moreover, the particle-W matrix interface densities of these materials were also quantified, and 
the results are listed in the third column of Table 1. It can be seen that WZrO, which has the smallest particle size, 
exhibits the highest particle-W interface density, which may influence D retention behavior in the material. 

TABLE 1. GB density and W-particle interface density of ODS-W 
 

Materials LAGBs 
(×106 m-1) 

HAGBs 
(×106 m-1) 

W-particle interface 
(×106 m-1) 

WLaO 0.53 0.18 0.15 
WYO 1.32 1.08 0.11 
WZrO 1.29 1.07 0.17 
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Fig. 1. BSE images of (a) WLaO, (b) WYO, and (c) WZrO, with dispersed oxide particles indicated by dashed circles. (d-f) 
Corresponding particle size distributions analyzed using ImageJ, with average sizes labeled in the plots. Each column 
corresponds to the same material. 

 

Fig. 2. EBSD results of (a) WLaO, (b) WYO, (c) WZrO with inverse pole figure maps. (d-f) GB maps with misorientation 
showing LAGBs and HAGBs. (g-i) Grain size distributions. (j-l) GB misorientation angle distributions. Each column 
corresponds to the same material. 
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Electron backscatter diffraction (EBSD) was employed to further characterize the grain structures of the three 
ODS-W materials, as shown in Fig. 2. For each material, the rows from top to bottom correspond to the grain 
orientation map, grain boundary distribution, grain size distribution, and misorientation angle distribution. From 
the grain orientation maps with inverse pole figures shown in Fig. 2(a-c), it can be observed that all three ODS-
W materials exhibit multi-orientation distributions without the formation of a pronounced texture. Among them, 
the WLaO sample displays markedly coarser grains, whereas WYO and WZrO exhibit refined and relatively 
uniform grains. This suggests that Y₂O₃ and ZrO₂ dispersoids play a more significant role in suppressing grain 
growth. The grain size distributions (Fig. 2(g-i)) further confirm these differences. WLaO shows an average grain 
size of ~26.49 μm with a broad distribution, and some grains exceeding 50 μm, indicating abnormal grain growth. 
In contrast, both WYO and WZrO exhibit average grain sizes of ~3.12 μm with relatively narrow distributions, 
among which WYO demonstrates better uniformity. The GB distributions (Fig. 2(d-f)) reveal the presence of GBs 
with various misorientation angles in all three materials. The corresponding misorientation angle distributions are 
shown in Fig. 2(j-l), while the statistical results of low-angle GBs (LAGBs, <15°) and high-angle GBs 
(HAGBs, >15°) are summarized in Table 1. It is evident that WLaO exhibits a relatively low GB density, 
dominated by LAGBs, with nearly half of these concentrated in the very low-angle range of 2-5°, indicating a 
prominent sub-grain characteristic. In contrast, both WYO and WZrO show a significantly higher GB density, 
with HAGBs accounting for more than 45% of the total. This demonstrates that a fine-grained structure has been 
effectively formed and that the dispersed particles exert a strong pinning effect [16] on GB migration. 

3.2. Deuterium permeation behavior 

Taking WYO as an example, the D permeation flux at different temperatures is shown in Fig. 3(a). For each 
temperature, the three plateaus correspond sequentially to the increasing upstream driving pressures (~5 × 104 Pa, 
~7.5 × 104 Pa, and ~1 × 105 Pa). In addition, Fig. 3(b) presents a good linear relationship between the steady-state 
permeation flux and the square root of the upstream pressure, indicating that the D driven permeation process 
through the material is dominated by bulk diffusion, with negligible influence from surface effects [17, 18]. Thus, 
the steady-state permeation flux can be expressed as: 

 1 2ΦJ p
L∞ =  (1) 

where J∞ is the steady-state permeation flux, Φ is the permeability, L is the sample thickness, and p is the upstream 
driven pressure. Therefore, once the steady-state permeation flux is obtained, the permeability can be determined. 

 

Fig. 3. D permeation results of WYO. (a) Permeation flux at different temperatures and upstream pressures of ~5 × 104 Pa, 
~7.5 × 104 Pa, and ~1 × 105 Pa. (b) Steady-state permeation flux as a function of the square root of upstream pressure at 
various temperatures. 

The permeabilities of the three ODS-W materials measured in this work, together with those reported in the 
literature [14, 19, 20], are summarized in Fig. 4. As shown, the permeabilities of WLaO and WYO are very close 
to each other and slightly lower than that of WZrO. Overall, the permeabilities of the three ODS-W materials, as 
well as those of pure W and W-ZrC reported in the literature, are comparable, all falling within approximately the 
same order of magnitude. Such a similarity in permeability is understandable. Although the microstructures and 
internal defects of the materials differ, under steady-state permeation conditions hydrogen transport is 
predominantly governed by lattice diffusion [21], and the influence of microstructural variations becomes rather 
limited. 

By fitting the experimental data in Fig. 4, the Arrhenius expressions for the permeability of WLaO and WYO are 
obtained as follows: 
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 ( ) 9 -1 -1 -1 2
WLaO

0.68 0.24Φ 1.84 4.82 10 exp , mol m s Pa ,  1023 K <  < 1123T
kT

− ± = ± × − 
 

 (2) 

 ( ) 8 -1 -1 -1 2
WYO

0.93 0.07Φ 2.62 2.17 10 exp , mol m s Pa ,  973 K <  < 1123T
kT

− ± = ± × − 
 

 (3) 

It should be noted that the permeability expression of WZrO is not given here, because in the experiment the D 
permeation signal of WZrO was only detected at two high-temperature points, which is insufficient for fitting. 
The obtained permeability constants for WLaO and WYO are 1.84 × 10-9 and 2.62 × 10-8 -1 -1 -1 2mol m s Pa , 
respectively, with activation energies of 0.68 and 0.93 eV. Both values are slightly lower than the reported ranges 
for pure W [14, 19, 20], i.e., permeability constants of 3.20 × 10-8 and 3.21 × 10-7 -1 -1 -1 2mol m s Pa and activation 
energies of 0.81-1.2 eV. This discrepancy may arise from two factors. The first one is the influence of GB density. 
Manhard et al. [22] studied hydrogen permeation in W by electrochemical methods and reported a low activation 
energy of only 0.39 eV, which they attributed to the high density of GBs in magnetron-sputtered W, where HIs 
may diffuse rapidly along the boundaries. The ODS-W materials in this study similarly exhibit a much higher GB 
density than pure W. The second factor is the effect of dispersed oxide particles. Buchenauer et al. [23] reported 
that, in low-temperature permeation experiments, oxygen released from metal oxides at elevated temperatures 
could oxidize the permeation membrane and influence the permeation process. Importantly, in their GDP 
experiments, these oxide impurities did not significantly influence the measured permeability. Although the 
dispersed oxide particles may partly explain the deviations in the permeability constants and activation energy 
relative to pure W, these factors do not substantially affect the overall permeability. 

 

Fig.4. The D permeability of WLaO, WYO, and WZrO compares with the references [14, 19, 20]. 

3.3. Deuterium retention behavior 

The TDS spectrum of the three ODS-W, together with the previously obtained spectra of pure W [14], are 
summarized in Fig. 5. The background signal of D2 can be neglected. It can be seen that the desorption peak of 
WLaO appears at a relatively high temperature, and the D signal is still not completely released even at a 
temperature close to 1500 K. The TDS spectrum of WYO exhibits a double peak, while WZrO shows a single 
peak but with a peak desorption flux more than one order of magnitude higher than that of the other materials. 
The analysis of the TDS spectra was carried out using a simplified MHIMS model [24], which only considers the 
desorption process during heating. Since gas charging was employed in this study, no additional defects were 
introduced during the process, and as the samples were rapidly cooled to room temperature and TDS were initiated 
within one hour after D2 charging, it can be assumed that there was almost no mobile D. Thus, the D signals 
observed during TDS entirely originate from defects. The D concentration trapped in defects can be expressed as: 

 
,

,
0 ,

T iE
t i kT

t i

C
ν C e

t
−∂

= −
∂

 (4) 

where Ct,i is the concentration of trapped particles in the ith trap type, 0ν is the pre-exponential factor (or attempt 
frequency) in s-1, and ET, i is the detrapping energy of the ith trap type. The detrapping energy and attempt 
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frequency were taken as fitting parameters, and the experimental desorption flux data were fitted using a least-
squares method based on this equation. The detrapping energies corresponding to the experimental desorption 
peaks are summarized in Table 2. It is worth noting that the average attempt frequency obtained from the fitting 
is consistent in order of magnitude with that reported in the literature [14] using the Kissinger method with 
different heating rates. 

 

Fig.5. The TDS spectra of WLaO, WYO, and WZrO compares with the references [14]. 

TABLE 2. Desorption peaks in the TDS spectrum and corresponding detrapping energies 
 

Materials Peak (K) ET, i (eV) 
WLaO 1386.8 1.34 
WYO 773.7; 1056.6 0.73; 1.02 
WZrO 1228.4 1.19 

Regarding the correlation between detrapping energy and material defects, Persianova et al. [25] reviewed 
extensive data on hydrogen desorption energies in W and reported 83 values associated with six types of traps. 
The detrapping energy for dislocation defects range from 0.65 to 1.25 eV, while those for the first hydrogen atom 
trapped at vacancies fall within 1.05 to 1.55 eV. These values do not adequately explain the present results, since 
ODS-W materials, in addition to GBs, also contain a large number of interfaces between oxide particles and the 
W matrix as well as the particles themselves, which serve as additional trapping sites. In WYO, the desorption 
peak at 1056.6 K and the corresponding desorption energy of 1.02 eV are close to those associated with GBs in 
pure W, which may suggest that this trap type is related to GB. However, no desorption peak near 1000 K was 
detected in the other two materials. This indicates that the GB contribution was masked by other defects (such as 
particles and particle-W matrix interfaces), making further analysis difficult. At present, the database of desorption 
energies associated with these extra defects remains highly limited. 

Based on the microstructural characterization in this study, the contribution of different defects to the overall D 
retention is preliminarily discussed. The GB densities and particle-W matrix interface densities of the three ODS-
W materials and pure W are summarized in Table 1. These results are plotted as stacked bar charts in Fig. 6. In 
addition, the total D retention of these materials, calculated by integrating the TDS spectra over time, is also shown 
in Fig. 6, marked with red dots and connected by dashed lines. The total D retention and GB densities in pure W 
is taken from the literature [14]. It can therefore be assumed that the trapping capacity of GBs in ODS-W is 
comparable to that in pure W. For WLaO, both the LAGBs and HAGBs densities are similar to those of pure W. 
However, its D retention is nearly two orders of magnitude higher, indicating that the majority of retention 
originates from particle-W matrix interfaces and the particles themselves. In the cases of WYO and WZrO, the 
GB densities are intrinsically much higher than in pure W. Nevertheless, despite having comparable grain 
boundary and interface densities, the D retention of WYO and WZrO differs by more than one order of magnitude. 



Z.S. GAO et al. 

 
7 

This difference is most likely attributable to differences in the trapping capacity of Y2O3 and ZrO2 particles. 
Unfortunately, a quantitative assessment of the contributions of individual defects to D retention in ODS-W 
materials cannot be provided in this study. Although some studies have suggested that hydrogen trapped at 
interfaces in WYO is more difficult to desorb than hydrogen in the W matrix [26], no quantitative relationship has 
been established. Moreover, for WLaO and WZrO, no reports are currently available regarding the trapping 
capacity of their particles or particle-W matrix interfaces. Future studies will require more computational work to 
assess the hydrogen-trapping capabilities of interfaces and the particles. 

 

Fig. 6. Defect densities and D retention in pure W and ODS-W materials. Individual contributions from gGBs (LAGB and 
HAGB) and particle-W matrix interfaces are shown as stacked bars, while total D retention is indicated by red dots. 

4. CONCLUSIONS 

In this study, the D permeation and retention behaviors of three ODS-W materials were systematically investigated. 
Microstructural characterization by BSE and EBSD revealed distinct particle sizes and grain features. WYO 
exhibited the largest particles, WLaO was intermediate, and WZrO had the smallest particles. WYO and WZrO 
also showed refined and relatively uniform grains, whereas WLaO had coarser grains. GDP experiments indicated 
that WLaO and WYO have similar permeabilities, slightly lower than that of WZrO. Furthermore, TDS spectra 
showed that WLaO exhibits a high-temperature desorption peak, WYO displays a double peak, and WZrO 
presents a single peak with a desorption flux one order of magnitude higher than the others. These results reflect 
the combined influence of grain boundaries, particle-W matrix interfaces, and the dispersed particles. Overall, 
these findings provide a systematic understanding of D behavior in ODS-W materials, which is crucial for their 
application in fusion reactor first-wall components. 
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