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The retention and release of deuterium in W—2%Y, O3 composite materials and commercially pure tungsten after they
have been implanted by deuterium plasma (flux ~ 3.71 x 102! D/m?-s, energy ~ 25 eV, and fluence up to 1.3 x 1026 D/m?2)
are studied. The results show that the total amount of deuterium released from W—2%Y,03 is 5.23 x 102° D/m?(2.5 K/min),
about 2.5 times higher than that from the pure tungsten. Thermal desorption spectra (TDS) at different heating rates
(2.5 K/min-20 K/min) reveal that both W and W-2%Y,0O3 have two main deuterium trapped sites. For the low temperature
trap, the deuterium desorption activation energy is 0.85 eV (grain boundary) in W, while for high temperature trap, the
desorption activation energy is 1.57 eV (vacancy) in W and 1.73 eV (vacancy) in W—2%Y,03.

Keywords: metals and alloys, plasma-based ion implantation, thermal desorption, diffusion in solid
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1. Introduction

Tungsten has been considered as one of the candidate
PFMs for ITER because of its favorable physical and chemi-
cal properties, such as high thermal conductivity, high melting
point, high-temperature mechanics performance, low physical
and chemical sputtering yields, and no chemical reaction with
hydrogen.!'~7! However, the brittleness of W material leads
PFM to likely undergo crack failure when the transient event
occurs. 8]

W-Y,03 alloys can effectively impede the recovery and
recrystallization at high temperature, and have low ductile—
brittle transition temperature (DBTT) compared with pure

12,131 Tan et al. " prepared and studied the mechan-

tungsten. |
ical properties and microstructure changes of W-Y;,03 alloy
under helium irradiation, the results showed that W-Y,O3
have the trend of lattice distortion, polycrystal and phase trans-
formation. Yao et al.!">! studied the surface damage of W-
Y,03 irradiated by helium. The results showed that the grain
orientation of W-Y,O3 irradiated by helium ion changes ob-
viously and helium bubbles gather near the surface phase in-
terface. The surface damage and hydrogen isotope retention of
W-Y,03 exposed to deuterium plasma have been investigated,
the experimental results of Tan!'® showed that the retention of
deuterium is related to the texture and laminated microstruc-
ture of the irradiated surface of the sample. The results of

DOI: 10.1088/1674-1056/ab8204

Zhao!'”! showed that the blisters and deuterium retention of
W-=Y,03 are strongly dependent on the injection temperature.
However, the desorption activation energy of deuterium in W—
Y, 03 is rarely reported.

In this work, based on the research of Yao et al., the deu-
terium desorption activation energy in W-2%Y,0O3 composite
material and commercial pure tungsten after being exposed to
deuterium plasma are experimentally determined by thermal
desorption spectroscopy. The differences in deuterium reten-
tion and release between W-2%Y,03 and W are discussed.

2. Experimental details
2.1. Sample preparation

W=2%vol Y,03 was supplied by Hefei University of
Technology, which was prepared by using the wet chemistry

18,191 and the pure-W was ob-

combined with plasma sintering,|
tained from ATTL www.tlwm.cn) with a purity of 99.95 wt%.
All samples were hot rolled with the rolling ratio of 50%,
and then were fabricated into square pieces with 10 mm
x10 mmx1 mm from the same manufacturing batch. The
surfaces were mechanically polished to a mirror-like finish
then ultrasonically cleaned in acetone and ethanol. Finally, all
samples were annealed at 1273 K under vacuum better than
5x 107> Pa for 1 h to relieve residual stresses generated in the

grinding and polishing process.
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Fig. 1. (a) RD, TD, and ND represent rolling direction, transverse direction,

and normal direction, respectively, and (b) schematic diagram of plasma im-
plantation direction.

2.2. Methods

Deuterium ion irradiation was conducted by using com-
prehensive ECR plasma for tritium (CEPT) generating device

in the Science and Technology on Surface Physics and Chem-
istry Laboratory.

The ion implantation direction is perpendicular to the
rolling direction (RD)-transverse direction (TD) surface of the
material (as shown in Fig. 1).

The detailed conditions of the deuterium ion irradiation
are listed in Table 1.
99.999%) was fixed at 0.7 Pa in the irradiation chamber during
its operation. The energy of the deuterium ions and the flux

The pressure of deuterium (purity:

were obtained by the langmuir probe. During deuterium ion
irradiation, the samples were 375 K according to the measure-
ments obtained by S-type thermocouple contacting the back of
the samples.

Table 1. Detailed experiment conditions for pure-W and W-Y,03.

Sample Materials ITon species Ion energy/eV Ton flux/(ions/m?-s) Ton fluence/(D/m?) Temperature/K
1-4 pure-W D 25 3.71 x 10%! 1.3 x 10% 375
5-8 W-Y,03 D 25 3.71 % 102! 1.3 x 10% 375

After the samples are irradiated by deuterium ions, the
deuterium retention and desorption activation energy in the
sample were obtained by using thermal desorption spec-
troscopy device!?"! in the Science and Technology on Surface
Physics and Chemistry Laboratory. The pipe which the ions
passed through was baked for 72 h to remove residual gas in
the material prior to the TDS experiment. The samples were
heated by linearly increasing the temperature up to 1273 K
at different heating rates (Table 2) in the quartz tube under
vacuum better than 107® Pa. In addition, in order to quanti-
tatively calculate the deuterium retention, Dy (m/z = 4) and
HD (m/z = 3) signal were tracked by quadrupole mass spec-
trometer (QMS), and the D,/Hj signal was calibrated by using
two standard leaks after experiment. The HD signal was the
average of the sum of D, and H; signals. The x-ray diffraction
(XRD) and scanning electron macroscopy (SEM) were also
used to characterize the non-irradiated and irradiated samples.

Table 2. Heating rate for pure-W and W-Y,0O3 in TDS experiment.

Sample 1 2 3 4 5 6 7 8

Heating
rate/(K/min)

5 10 20 25 5 10 20

3. Results and discussion
3.1. Sample characterization

Figures 2(a) and 2(b) show the orientation image maps of
the W and W-Y,O3 characterized by the electron backscat-
tered diffraction (EBSD). It can be seen from Fig. 2(c) that red
color and blue color are dominant in Fig. 2(a), correspond-
ing to (100) and (111) crystal plane, respectively; dominant in
Fig. 2(b) are red color, blue color, and green color, correspond-

ing to (100), (111), and (110) crystal planes. Figures 2(a) and
2(b) show that there are (100) and (111) textures on the RD—
D surface of W and (100), (111), and (110) textures on the
RD-TD surface of W-=Y,03.

The surface morphology of W and W-Y, 03 irradiated by
deuterium ions confirm this point (Figs. 2(d)-2(e))). After ir-
radiation, the surface of W is covered with a large number of
small blisters (~ 100 nm in size, see Fig. 5(d)), The blisters
on the surface of W—Y,03 are much larger than those on the
surface of W (~ 2 um in size), accompanied by the bulges of
the substrate (Fig. 2(e)).

Fig. 2. EBSD images of (a) W and (b) W-Y,03 before being irradiated by
deuterium ions, (c) legend for panels (a) and (b), SEM images of (d) W and
(e) W=Y, 03 after being irradiated by deuterium ions.

Pan et al.2!]

showed that the potential barrier for H ions
to diffuse into the surface is larger than that into the bulk phase,
and H ions preferentially accumulate on the W (111) surface
compared with on the bulk phase, and W (110) is the resistance
surface for the formation of H blisters. Figures 2(a) and 2(b)
show that there are a large number of other oriented crystal

planes in the red region of the RD-TD plane of W, which leads
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the red region to fragment, while the color boundary of the
RD-TD plane of W-Y,03 is obvious, the other orientations
of the RD-TD plane are few, and the average grain boundary
size is much larger than that of W. Figures 2(d) and 2(e) show
that the deuterium blisters with small size (~ 100 nm) are pro-
duced on the surface of W during irradiation, and deuterium
blisters with larger size (~ 2 pm) appear in some areas of W—
Y,03. This is consistent with Pan’s conclusion.

Figure 3 shows the XRD spectra of the main characteris-
tic peaks of W and W-Y, 03 before and after being irradiated

by the deuterium ions. In Fig. 3(a) the normal XRD peak of
W in the original state, as a reference standard XRD spectrum,
reflects the isotropic characteristics. As shown in Fig. 3(b),
the peak position (20) of the irradiated W has a slight leftward
shift of 0.08° compared with the peak of the non-irradiated
sample, while the peak position of W—Y;,Oj3 shifted 0.2° to the
left after being irradiated by the deuterium ions. Table 3 shows
the the lattice constant of W is increased by 0.009 A while that
of W=Y,03 by 0.014 A.

I —— non-irradiated pure-W (a) 1 }  —— non-irradiated pure-W (b)
” — non-irradiated W—Y 5,03 ” — irradiated pure-W
+ [ 1 2 4
ch 1 2 ]
& e}
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Fig. 3. XRD patterns of pure-W and W-Y,O3 before and after being irradiated, for (a) non-irradiated pure-W and W-Y,O3 samples; (b)
pure-W before and after being irradiated; (¢) W=Y, O3 before and after being irradiated; (d) irradiated pure-W and W-Y, O3 samples.

Table 3. Lattice constants of pure-W and W-Y,0O3 before and after
being irradiated.

Pure-W/A W-Y,03/A
Non-irradiated 3.137 3.143
Irradiated 3.146 3.157

3.2. Deuterium release and retention

Figures 4(a) and 4(b) show the D, TDS spectra of W and
W-Y,03. As expected, when the heating rate increases, the
main desorption peaks of deuterium in W and W=Y,0O3 extend
to the high temperature section and the peak shape intensity is
enhanced due to non-diffusion deuterium. 2!

The TDS spectra show the macroscopic characteristics of
deuterium released from the whole sample, which is formed
by coupling the different deuterium trap release peaks in the
sample. The TDS spectra of W=Y,03 and W have obvious

shoulder peaks near 600 K, indicating that there is a corre-
sponding low temperature deuterium trap in the sample. The
whole release peak can be divided into the coupling of the re-
lease peaks of the low temperature traps (LTTs) and the high
temperature traps (HTTs) (Figs. 4(a) and 4(b)).

The TDS peak of W and W-Y,03 are in accordance with
Gauss distribution. According to the results of the reaction
kinetics in differential thermal analysis of Kissinger,[??! the
desorption activation energy can be calculated from the TDS
spectra with different heating rates by the following formula:

aln(ﬁ/sz) K
d(1/Ty) R’
where f3 is the heating rate, 7}, is the temperature of the peak

of the TDS spectrum, E, is the desorption activation energy of
sample, and R is the universal gas constant.

ey
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Fig. 4. TDS spectra of (a) W and (b) W=Y, O3 at different heating rates.

Since B and T, are known, the evoluation of desorption
activation energy E, of deuterium ion from a trapping site can
be calculated from the slope of the In(8/ sz) versus (1/T,)
plot. The results are shown in Fig. 5. The fitting results have
good linear relationship and satisfy the Arrehenius relation-
ship. The results show that the E, value of W-Y,03 is 0.39 eV
for LTT (~ 600 K) and 1.73 eV for HTT (~ 700 K), while the
E, value of pure W is 0.86 eV for LTT (~ 600 K) and 1.57 eV
for HTT (~ 700 K) as shown in Fig. 5.

17.0 T T T T
s LTT of W
16.5F e HTT of W J
' A HTT of W7Y203
¢ LTT of W—Y203
16.0F
Q.
=
| 15.5F E
E;
= 15.0r E
14.5F R
14.0r i
1.3 1.4 1.5 1.6 1.7 1.8
1000/,

Fig. 5. Plots of desorption activation energies of LTT and HTT of W
and W-Y,03 by least squares fitting, where line is least square fitting.

Table 4. Desorption activation energy of deuterium in W.

Desorption activation energy/eV

0.35-0.38,1231 0.39124]
0.851%31

Migration barrier
Dislocation (D) or Grain boundary (D)

Vacancy (D)
Vacancy cluster (D)

1.07-1.55,124-271 1 791281
1.80-2.34124:2629]

Vacancy cluster (D) 1.45,[291 1 4124

According to the experimental and modeling results (see
Table 4), the values E, of 0.39 eV and 0.86 eV are close
to those explained as the migration of deuterium atoms be-
tween LTTs such as interstitials, dislocations, and grain/phase
boundaries. The smaller value of E, for LTT in W=Y;03 is in
acoordance with the fact that there are more phase boundaries
in W=Y,03 due to the doping effects. Obviously, the values
of E, of 1.57 eV and 1.73 eV for HTT can be attributed to
deuterium atoms in vacancies. Interestingly, the value of E,
for HTT in W-Y,O3 is higher than that in pure W. Consider-
ing that the blisters on the surface of W—Y,O3 are larger than
those of pure W, we think that there may be vacancy clusters
in W=Y,0s3.

It is worth mentioning that some deuterium atoms even
are desorbed from pure W at very high temperature (1200 K)
(Fig. 4), while W=Y,03 has no such behavior. The origin of
such differences is not fully clear. It may be due to the fact
that deuterium atoms gather on the subsurface of W-Y,03,
giving rise to blisters and leading to more defects. The capture
of deuterium atoms by these defects prevents the deuterium
atoms from diffuing to deeper depths. Qiu ef al. 3 also found
that the trapping of positions may prevent hydrogen isotope
from diffusing and also from accumulating their concentration
on the shallow substrate. However, for pure W, part of the
deuterium atoms are captured in the sublayer; more deuterium
atoms will diffuse into the bulk. Figure 6 shows that the deu-
terium content of W—Y,0O3 is much higher than that of W in
a depth range of 0 nm-2000 nm, which is in good agreement
with Qiu’s conclusion.

The results of Zhou et al. 3!l showed that without consid-
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ering the effect of temperature, most of the H atoms occupy
the interstitial positions in the bulk phase, while only some H
atoms occupy the defects related to the vacancies. Therefore,
most of the deuterium atoms in W—Y,0O3 are mainly concen-
trated at the interstitial positions near the surface layer, while
most of the deuterium atoms in W are distributed at the in-
terstitial positions in the whole bulk phase, which may be the
reason why the deuterium release peak at the interstitial po-
sition in W=Y;,03 is observed in the TDS spectrum, but the
deuterium release peak at the interstitial position in W cannot
be observed obviously.

Figure 7 shows the deuterium retention of W and W-
Y,03, when considering the contribution of LTT and HTT re-
spectively. In the W=Y;O3, the contribution of deuterium from
LTT to the total amount zigzags upward with the increase of

the heating rate, and finally exceeds the contribution of HTT to

the total amount (Fig. 7(b)). However, for W (Fig. 7(c)), with
the increase of heating rate, the deuterium release in HTT is
always higher than that in LTT.

40 : : :
35} W ]
— W-Y,04

30} ]
25} ]
20} ]
15} ]

10f -

Counts

0 500 1000 1500

W matrix/nm

2000

Fig. 6. NRA determined deuterium depth profile (topmost 2000 nm) for W
and W-Y,03 exposed to deuterium plasma.
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Fig. 7. (a) Deuterium retentions of W and W-Y, O3 with different heating rates; deuterium releases of LTT and HTT of (b) W=Y703; (c) W.

4. Conclusions

The deuterium retention and release in Y,0O3 doped by
tungsten, exposed to high-flux low-energy plasma, is studied.
The total number of deuterium atoms released from W-Y,03
is 5.23 x 10%° D/m? (2.5 K/min), about 2.5 times higher than
that from pure tungsten. The W-Y,0O3 has two main deu-
terium trapped sites. For low temperature traps, the desorp-
tion activation energy is 0.39 eV while for high temperature
traps (vacancy), the desorption activation energy is 1.73 eV.
Both low temperature traps and high temperature traps make

important contributions to trapping D.
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