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ABSTRACT

We have measured microscopic 3-dimensional distribution of plasma-charged hydrogen in polycrystalline Al. The measurements have been
carried out nondestructively by usin§ elastic recoil detection analysis under transmission geometry of a collimated 8 MeV *He** beam. The
recoil cross section as large as 2 x 10° mb/sr due to the nuclear elastic collision allowed observation of the spatial distribution of hydrogen in
the Al sample of 80 ym thickness. The distribution maps of hydrogen clearly visualize hydrogen bubbles of 10-20 ym diameter in the surface
layer of about 12 ym thickness. The critical concentration of hydrogen minimally needed for growth of the hydrogen bubble of ten-ym size
has been determined to be 1.6 x 10*° cm™.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5099528

I. INTRODUCTION

Hydrogen can seriously affect physical, and especially, mechan-
ical properties of materials, as reviewed in the literatures.”” Knowl-
edge of hydrogen behavior in materials, for example, related
to hydrogen embrittlement, is extremely required for structural
materials used under severe environments. In many cases, the
hydrogen-induced phenomena accompany migration and accu-
mulation of hydrogen in materials. However, such behavior of
hydrogen is not fully understood yet mainly because of the
difficulty in sensitive detection of hydrogen.”" For other atom
species, elemental analyses based on atomic transitions are widely
used, but these are not effective for direct detection of hydro-
gen in a surrounding medium of much heavier elements. Not
only direct detection of hydrogen, but also microscopic visu-
alization of 3-dimensional hydrogen distribution in solids is

necessary for research and development of hydrogen-containing
materials.

For this purpose, it is suitable to employ the collision process
between the incident fast ion and hydrogen nucleus. This is advan-
tageous for micrometer-scale analysis compared, for example, with
neutron tomography having lower spatial resolution by a factor of
ten.” In fact, hydrogen mapping has been carried out by using H-
H scattering to observe localized hydrogen at a grain boundary in
diamond,” and to analyze trapping of implanted hydrogen in tung-
sten.” In many cases, however, the quality of hydrogen mapping
using ion beams is seriously restricted by weak hydrogen signals.
Improved signal statistics are needed for practical analysis, especially
for mapping of hydrogen in materials.

In the present work, elastic recoil detection analysis under
transmission geometry (T-ERDA) has been applied to observe
hydrogen distribution in polycrystalline Al. Microscopic behavior of
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hydrogen in Al attracts much attention because of the lack of knowl-
edge about influence of incorporated hydrogen on the mechan-
ical properties of Al and Al-alloys. Several kinds of approaches
have been carried out to investigate the microscopic behavior of
hydrogen in Al, for example, using X-ray diffraction and small-
angle scattering of X-rays and neutrons,”” thermal desorption spec-
troscopy,'’ X-ray computed tomography,'' and secondary ion mass
spectroscopy.” In these analyses, the object to be detected is not
hydrogen itself situating in the Al matrix. Therefore, T-ERDA is
expected to provide direct information on the behavior of hydrogen
in AL

Il. EXPERIMENTS

In T-ERDA, a particle detector is set on the ion-beam axis and
a thin sample is placed in front of the detector. The present T-ERDA
relies on the larger stopping power for He than for H.'* The thick-
ness of the Al sample is chosen so that incident He is stopped in the
sample, i.e., greater than the (projected) range of He in Al, whereas
recoiling H passes through the sample and goes into the particle
detector. Since incident He and recoiling H undergo energy loss in
the sample, the kinetic energy of detected H depends on the depth
where the hydrogen atom originally was. Actually, the recoil at shal-
lower surface layer results in the detection of H with higher kinetic
energy. The maximum detectable depth for hydrogen is determined
from the condition that the recoiling H has zero kinetic energy after
passing through the sample. Figure 1 schematically shows T-ERDA
in the present case, which is based on the numerical table of stopping
and range of ions in matter."’

We prepared pure (99.99%) annealed Al foils of typically
1x2 cm? size and 110 ym thickness. They were charged with hydro-
gen under relatively severe plasma conditions (for example, at 780 V
for 3 hours) and electro-polished to remove the hydrogen blis-
ters formed on the surface. The final thickness of the foils thus
obtained for T-ERDA samples was much less than 110 ym. These
samples are expected to contain H, bubbles, according to the liter-
atures.”'" Figure 2 shows an optical photograph of the Al sample
taken with vertical illumination. Accordingly, the white images here
and there are due to the reflected light in the 180° direction, indi-
cating the rough Al surface. This is in contrast to the apparently
flat surface of the Al-coated mylar which is set for reference of a
hydrogen-containing sample. Because of such roughness, we have
carefully selected the surface area where the measured distribution

(80 um thick Al sample)
8 MeV He
3.75 MeV H\
i > (-enegy H
; Detector
Surface ! He range (43 um)
(0 depth) Max. detectable depth (30 pm)

FIG. 1. Schematic diagram of the present T-ERDA. Deeper H recoil results in lower
exit energy.

scitation.org/journal/adv

FIG. 2. Optical photograph of the surface of the Al sample placed on the right. The
Al-coated mylar film placed on the left is for reference of a hydrogen-containing
sample. The square marked in yellow shows the 250250 ym? area analyzed by
T-ERDA.

of hydrogen seems typical and also demonstrative of the present
3-dimensional mapping.

An 8-MeV *He®* beam was collimated to 3.5 ym diameter
and was incident on the Al sample by using the microbeam system
installed at the 6MV electrostatic tandem accelerator at the Univer-
sity of Tsukuba.'” The distance from the Al sample to the particle
detector of 8 mm diameter was 14.6 mm, which provides the accept-
able recoil angle of 0 to 15.3°. Under the pressure of ~107° Pa,
we measured energy spectra for 128 x 128 beam spots while scan-
ning the collimated He beam step-by-step to cover the selected
250x250 yum? area on the sample. The measurement time for accu-
mulating the 128 x 128 spectra was about 1 hour. Even after repeat-
ing the above measurement for 5 times at the same beam spot on
the sample, there was no noticeable change in the spectra, implying
negligible influence of the He irradiation during the experiments.
Furthermore, the measurements were carried out for several areas
on the sample to confirm the consistency of analysis results.

For a hard collision of *He against 'H, the recoil cross sec-
tion has a maximum at the incident He energy of 8-10 MeV.'*'*"”
Indeed, the differential recoil cross section at recoil angles of 0-
15.3° amounts to approximately 2x10° mb/sr in the laboratory
frame which is greater by a factor of 300-400 than for the Coulomb
field only. Such a maximum is characteristic of the nuclear elas-
tic scattering which is typical for the relatively high-energy colli-
sions like in the present case. The use of nuclear elastic scattering is
therefore advantageous to improve the signal statistics of hydrogen

mapping.

lll. RESULTS AND DISCUSSION

Several considerations are necessary for better understanding
of the measured 3-dimensional image of hydrogen. To do this,
discussion starts with Fig. 3, showing the energy spectrum which
is obtained by summing over the 128 x 128 spectra for the H-
charged Al sample of 80 ym thickness. The investigated area on
the sample is shown in Fig. 2 with the square marked in yellow.
The 3.75 MeV energy at the origin of depth scale inserted in Fig. 3
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FIG. 3. T-ERDA energy spectrum measured for the 250x250 m? area on the Al
sample. The scale of depth where the H recoil occurred is indicated. The dashed
line shows the assumed background of 192 counts.

corresponds to the recoil occurring on the Al surface. This was
determined from the high-energy edge of the spectrum for a spot
area chosen from the 250x250 um? area, where hydrogen is local-
ized near the surface. The high-energy edge also allowed to esti-
mate the depth resolution of ~1.2 ym in the present analysis. The
non-zero yield at energies higher than 4 MeV indicates existence of
background under the hydrogen yield. This background is believed
to stem from the nuclear reactions of *He and Al since no such
background was observed for a Ni foil with higher Coulomb bar-
rier. The dashed line shows the assumed background of 192 counts
(per channel) which is the average yield in the 4.0-4.8 MeV energy
range.

scitation.org/journal/adv

In Fig. 3, the hydrogen yield is given by subtracting the back-
ground yield from the spectrum yield. It follows that the hydrogen
yield is recognized predominantly from the surface to the depth of
12 pym. It is important to note that the maximum detectable depth
of 30 ym in the present case is greater than 12 ym, which cer-
tainly assures absence of hydrogen beyond the 12 ym depth. The
total hydrogen yield Y = 118937 counts, obtained by integrating the
hydrogen yield in the 0-12 ym range, is expressed as

Y=pr j—gdﬂsz‘/O(Poj—ansin(pdq), (1)

where N is the number of incident He, p is the areal density of hydro-
gen when the Al sample is viewed along the beam direction, do/dQ
is the differential recoil cross section in the laboratory frame as a
function of solid angle Q, and ¢ is the recoil angle. Notably, Eq. (1)
is on the basis of the fact that the counting efficiency of the particle
detector is effectively 100%. In the present case, N = 9.0 x 10" (for
80 pA He®* and the measurement time of 3600 s), and ¢ = 15.3°.
Also, the integral in Eq. (1) can be evaluated with the numerical table
of recoil cross sections given by IBANDL,'* thereby we obtain 3.35
x 107% cm? for 7.6 MeV He which is responsible for the main H
yield at 3.5 MeV in Fig. 3. These values lead to p = 3.94 x 107 ¢cm™>
for the Al sample. By assuming the thickness of the hydrogen-
charged layer ¢t = 12 ym, the average hydrogen concentration #,y
=p/t = 3.3 x 10%° cm™ has been determined, which corresponds to
0.55% of the atomic density of polycrystalline Al

Figure 4 consisting of 6 maps shows 3-dimensional hydrogen
mapping of the 250x250 ym? area, marked with the yellow square
in Fig. 2. In these 6 maps, the measured yield for each 2-um slice of
the depth, labeled with (a)-(f), was taken from the 128 x 128 energy
spectra. The yield is shown in the logarithmic color scale for later
discussion of the low uniform yield. In this mapping, the lateral reso-
lution is equal to the beam size of 3.5 ym, and the depth resolution is

FIG. 4. 3-dimensional mapping of
plasma-charged hydrogen in the Al
sample of 80 um thickness, shown for
the 6 slices, (a)—(f), of 12 um depth. The
scanned area is 250x250 ym? which is
marked in yellow in Fig. 2. The lateral
resolution is 3.5 ym and the depth
resolution is ~1.2 um, see text. Note
that the color scale is logarithmic and
the pixels of zero count are shown in
black. The average He?* beam current
was 80 pA and the measurement time
was about 1 hour.

AIP Advances 9, 105111 (2019); doi: 10.1063/1.5099528
© Author(s) 2019

9, 105111-3


https://scitation.org/journal/adv

AIP Advances

~1.2 ym, as already mentioned. In Fig. 4, there are bright spots of 10-
20 ym diameter which are identified to be aggregates of hydrogen,
i.e., hydrogen bubbles in the present case. It is noted that hydrogen
bubbles of similar size can be formed on an Al surface when it is
plasma-charged with hydrogen at room temperature.'® The bright-
ness of each spot in Fig. 4 changes with increasing the depth, reflect-
ing the shape of the bubble. These bubbles are localized in the surface
layer of about 12 ym thickness. When we observe the maps in detail,
the bubbles seem to be aligned or distributed regularly. The under-
lying mechanism for such distribution of bubbles might be related
with micro-structure, for example, grain boundaries, of the sample.

In the 6 maps in Fig. 4, there lies a uniform yield of domi-
nantly 0 or 1 counts under the yield of hydrogen aggregates. This
uniform yield originates not only from the background probably due
to nuclear reactions, mentioned earlier, but also from small clusters
of hydrogen. From Fig. 3, the ratio of total hydrogen yield to back-
ground yield, i.e., the signal-to-noise ratio, can be determined from
the area under the spectrum for the 0-12 ym depth. It follows from
this ratio of 2.40 that 34% of the uniform yield is the hydrogen yield,
while 66% is the background yield. This leads to another conclusion
that 79% of the total hydrogen in the Al sample forms the bubbles of
observable sizes, while 21% remains in smaller clusters that cannot
be resolved in the present T-ERDA. The integrated uniform yield
over each map is approximately equal to the same amount of (1.20
+ 0.07) x 10* counts. Since the background yield per pixel in the 6
maps is sufficiently low, i.e., at most 12700 x 0.66/128” = 0.51 counts,
the maps in Fig. 4 suffer only negligible influence of the background.

The present experimental results allow to determine the criti-
cal hydrogen concentration n. minimally needed for growth of the
bubbles of ten-ym size. Actually, looking at the 6 maps in Fig. 4
from (a) to (f), we notice rather abrupt disappearance of the bubble
images between (d) and (f). Therefore, the hydrogen concentration
for map (e) gives the critical condition for formation of the bub-
bles. By the same procedure as that to obtain .y from Eq. (1), we
have obtained nc = 1.6 x 10°%cm™> (Y = 9746 counts and ¢t = 2ym
in this case), which corresponds to 0.27% of the atomic density of
polycrystalline Al

IV. CONCLUSIONS

The 3-dimensional hydrogen distribution in H-charged Al
has been observed nondestructively using T-ERDA. The set of

ARTICLE scitation.org/journall/adv

depth-dependent distribution maps of hydrogen has visualized the
hydrogen bubbles in Al. Furthermore, from the quantitative analysis
of the data we have determined not only the average hydrogen con-
centration but also the critical hydrogen concentration for growth
of the bubbles of ten-ym size. T-ERDA combined with nuclear elas-
tic scattering thus provides direct information about microscopic
behavior of hydrogen in materials.

ACKNOWLEDGMENTS

The authors thank the technical staff at UTTAC for supplying
the high-quality He beam of ym size. This work was supported in
part by Cross-ministerial Strategic Innovation Promotion Program
- Unit D66 - Innovative measurement and analysis for structural
materials (SIP-IMASM) operated by the cabinet office.

REFERENCES

lI. B. Condon and T. Schober, |. Nucl. Mater. 207, 1 (1993).

23. K. Dwivedi and M. Vishwakarma, Int. ]. Hydrogen Energy 43, 21603 (2018).
35F.A. Stevie, Surf. Interface Anal. 48, 310 (2016).

“M. Koyama, M. Rohwerder, C. C. Tasan, A. Bashir, E. Akiyama, K. Takai,
D. Raabe, and K. Tsuzaki, Materials Science and Technology 33, 1481 (2017).

SA. Griesche, E. Dabah, T. Kannengiesser, N. Kardjilov, A. Hilger, and I. Manke,
Acta Mater. 78, 14 (2014).

P. Reichart, G. Datzmann, A. Hauptner, R. Hertenberger, C. Wild, and
G. Dollinger, Science 306, 1537 (2004).

7K. Peeper, M. Moser, P. Reichart, E. Markina, M. Mayer, S. Lindig, M. Balden,
and G. Dollinger, J. Nucl. Mater. 438, S887 (2013).

8C. E. Buckley, H. K. Birnbaum, J. S. Lin, S. Spooner, D. Bellmann, P. Staron,
T.J. Udovic, and E. Hollar, J. Applied Crystallography 34, 119 (2001).

9C. E. Buckley and H. K. Birnbaum, J. Alloys and Compounds 330-332, 649
(2002).

19T Tzumi and G. Itoh, Materials Transactions 52, 130 (2011).

M. S. Bhuiyan, H. Toda, Z. Peng, S. Hang, K. Horikawa, K. Uesugi, A. Takeuchi,
N. Sakaguchi, and Y. Watanabe, Materials Science and Engineering A 655, 221
(2016).

124, Yamazaki, H. Naramoto, K. Sasa, S. Ishii, S. Tomita, M. Sataka, H. Kudo,
M. Ohkubo, and A. Uedono, Nucl. Instrum. Meth. Phys. Res. B 450, 319 (2019).
'3]. F. Ziegler and J. P. Biersack, SRIM2013, The Stopping and Range of Ions in
Matter, http://www.srim.org/.

T4IBANDL (Ton Beam Analysis Nuclear Data Library), https://www-nds.iaea.org/
exfor/iband.htm.

'5G. Hupin, S. Quaglioni, and P. Navrtil, Phys. Rev. C 90, 061601 (2014).

16D, Milcius, L. L. Pranevicius, and C. Templier, |. Alloys Comp 398, 203 (2005).

AIP Advances 9, 105111 (2019); doi: 10.1063/1.5099528
© Author(s) 2019

9, 105111-4


https://scitation.org/journal/adv
https://doi.org/10.1016/0022-3115(93)90244-s
https://doi.org/10.1016/j.ijhydene.2018.09.201
https://doi.org/10.1002/sia.5930
https://doi.org/10.1080/02670836.2017.1299276
https://doi.org/10.1016/j.actamat.2014.06.034
https://doi.org/10.1016/j.jnucmat.2013.01.192
https://doi.org/10.1107/s0021889800018239
https://doi.org/10.1016/s0925-8388(01)01496-7
https://doi.org/10.2320/matertrans.l-m2010825
https://doi.org/10.1016/j.msea.2015.12.092
https://doi.org/10.1016/j.nimb.2018.10.015
http://www.srim.org/
https://www-nds.iaea.org/exfor/iband.htm
https://www-nds.iaea.org/exfor/iband.htm
https://doi.org/10.1103/physrevc.90.061601
https://doi.org/10.1016/j.jallcom.2005.02.003

