IMucem B BDYAS. 2012. T.9, Ne1(171). C.127-134

OU3UKA TBEPOJOI'O TEJTA U KOHIEHCHPOBAHHDBIX CPEN

ERD STUDIES OF D-ION DEPTH DISTRIBUTIONS
AFTER IMPLANTATION INTO SOME PURE METALS
AND ALLOYS

A. Yu. Didyk ™', R. Wisniewski " 2,
T. Wilczynska b K. Kitowski®, A. Hofman b

@ Joint Institute for Nuclear Research, Dubna

® Institute of Atomic Energy POLATOM, Otwock/Swierk, Poland

This paper presents a report on experimental results of depth distributions of deuterium ions im-
planted with 25 keV energy at a fluence interval of (1.2—2.3) - 10*> m~2 into samples of pure metals
(Cu, Ti, Zr, V, Pd) and diluted Pd alloys (Pd—Ag, Pd-Pt, Pd—Ru, Pd-Rh). The post-treatment depth
distributions of deuterium and hydrogen atoms were measured within a few hours after implantation with
the use of elastic recoil detection (ERD) analysis. After three months the measurements were repeated.
The comparison of the obtained results in both series of studies allowed us to make an important ob-
servation of the desorption rates of implanted deuterium atoms from pure metals and diluted Pd alloys.
The maximum measured concentrations of deuterium atoms in pure Zr and Ti foils with relatively small
desorption rate of deuterium atoms within three months after implantation were observed. Also a very
high spreading of deuterium atom distributions was observed in all the measured pure metals and alloys.
It can be explained by the large diffusion coefficients of deuterium and extremely fast Kinetics.

B p 6oTe mpencT BieHbI KCIIEPHUMEHT JIBHBIE PE3YJbT ThI 110 ONPEIENICHUIO P CIIpEielieHHs HOHOB
IeiiTepusi, UMIUT HTHPOB HHBIX TpH 9Hepruu 25 k9B B mu m 3ome dumoencos (1,2—2,3) - 10*2 Mm% B
06p 31bl yncThix MeT JuioB (Cu, Ti, Zr, V, Pd) u p 36 Brnennsie crut Bol Pd (Pd-Ag, Pd-Pt, Pd-Ru,
Pd-Rh). P cnpenenenns ToMmoB meiiTepus Ho ITyOuHe ObUIH M3y4eHBI C IPUMEHEHHEM METO[ PErucTp -
LU SIep OTI YM NP KTUYECKU HENOCPeACTBEHHO Iocije UMILT HT uuu. CIycTs Tpu Mecdll HU3MepeHus
6buH IoBTOpeHbl. Cp BHEHHE MOTYyYEHHBIX PE3YJIbT TOB B 00EHMX CEpUSIX W3MEPEHHUH MO3BONMIO CAET Th
B KHBIE 3 KJIIOUYEHHS O CKOPOCTSIX JecOpOLHMU MMIUT HTHPOB HHOTO JeHTepHsl U3 BBIIEIIEPEeUHCIIEHHBIX
MeT uioB U cml BoB Pd. Yepes Tpum Mecdl ToOcCTe MMIUT HT LM YCT HOBJICHBI M KCHM JIbHBIE KOH-
LEHTP UMM MMIUI HTUPOB HHOIoO AeiTepus B onbpr X U3 Zr u Ti, T KXe OTHOCHUTENIbHO HEBBICOKHE
ckopocTtH ero mecopbuuu. ITok 3 HO, 9YTO BO BCeX MMIUT HTHPOB HHBIX AeiiTepreM oOp 31 X H OIiof -
eTcsl 3H YHTENIbHOE Nepep CIIpefielieHHe TOMOB JieHTepHus 1Mo NIyOHHe. DTo 0OBSICHAETCS dKCTPEM JIBHO
BBICOKMMH KO3(HINeHT MU Jucdy3un 1 OBICTPON KMHETHKOH NPOLECCOB B Psfie M3MEPEHHBIX M Te-
pU JIOB.
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INTRODUCTION

Limited energy resources and pollution increase associated with energy production have
stimulated the search for cleaner, cheaper, and more efficient technologies. One promising
technology involves hydrogen stored in metal hydrides [1, 2].

Hydrogen and its heavier isotopes serve as a nuclear fuel in fusion reactor power sta-
tions [3]. They are also utilized widely in currently operative nuclear reactors for slowing
neutrons down, but also as reflectors-mirrors of neutrons, as safety materials, and in the
regulatory systems [4].

The basic challenge in all these applications and in the promising future ones would be to
obtain as high as possible concentration of hydrogen in storage-accumulators while creating
relatively simple conditions for hydrogen desorption in hydrogen energetics [4] and possibly
in future mobile-engine applications [2].

One of the informative methods of investigating the hydrogen and its heavy isotope
behavior is elastic recoil detection (ERD) analysis, which allows one to get information about
migration, diffusion, storage and desorption processes under implantation [3].

The purpose of this article is to present a report on experimental data of depth distributions
of D and H atoms in metals and alloys after implantation of DT ions up to high fluences.
Time stability of such implanted layers and desorption rates of implanted D" ions are another
important concern of the study (see [5] and references therein).

1. EXPERIMENTAL METHODS AND RESULTS

All the used samples had a purity of about 99.9% and sizes 10 x 15 x 0.2 mm. They
had not been outgassed before implantation, just for some alloys the initial concentration
of hydrogen was measured (see Table 2, Part 1). The implantation of D™ ions with
an energy of 25 keV was carried out on a special setup based on the electron cyclotron
resonance ion source (ECR) at the Flerov Laboratory of Nuclear Reactions. Homogene-
ity of irradiation with the use of two scanning systems on a square of about 6 x 4 cm
was +2—3% and the temperature of implantation was ~ 30°C. Samples of metals and
alloys were irradiated up to four DT -ion fluences: 1.2 - 1022, 1.5-10%2, 1.8 - 10%2, and
2.3-10%2 m~2.

Please be advised that all implanted metal samples (V, Zr, Ti, and Pd) were deformed by
a spontaneous emergence of gas pores or gas bubbles, i.e., swelling processes (see [3,5] and
references therein). There was a surface discoloration with intensity depending on the D*-ion
implantation fluence. This phenomenon is different from the optical phenomenon caused by
the switchable mirrors which was described (see, for example, [6, 7]) for yttrium or other thin
rare-earth metal layers.

ERD studies [8] were carried out with He™ ions with an energy of 2.3 or 1.9 MeV,
and the obtained experimental spectra were then modeled with the help of computer code
SIMNRAG6.05.

The depth-dependent concentrations of D and H atoms at two fluences of implanta-
tions 1.5 - 10?2 and 2.3 - 10?2 m~2 for Zr samples are presented in Fig.1. The pro-
jected range of DT ions in Zr foil is equal to RpD = (1923 + 643) A. The projected
ranges of ERD-analyzed samples of Het ions (2.3 and 1.9 MeV) are in the interval
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Fig. 1. The depth concentrations of D and H atoms after DT -ion implantation with an energy of 25 keV
at two fluences: 1.5 - 10?2 m~2 (a) and ®max = 2.3 - 102 m~2 (b) in Zr samples and calculating

depth-dependent ratios (ncalc) for the studied materials corresponding to the maximum fluence (c)

from Rf'® ~ 0.9 ym up to RI® ~ 1.5 um for the studied materials. Calculation of the
projected range of distribution of the implanted ions was performed using the TRIM-2007
computer code [9]. The integral doses of D and H atoms in analyzing layers with the
depths Z < R;Ie were used for estimations of storage and desorption effects of D atoms
from all the studied samples after implantation. The observed large depth spread of im-
planted DY ions is connected with fast temperature diffusion and radiation-stimulated
processes [3].

The sputtered surface layer thickness AZ under implantation of D™ ions at the maximum
ion fluence @, = 2.3-10%2 m~2 with sputtering coefficient Sz, = 1.69- 10~ 3at. Zr/ion DT
is equal to AZ = @y - Sz:/Nz: ~ 10 A. One can conclude that the sputtering is negligibly
small and such effects can be neglected in consideration in depth changes.

For calculating the ion profiles implanted into targets, the known formula (see [10])
was used:
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here Ny is atomic target density; @ is ion fluence; S is sputtering coefficient for target atoms;
R[? and ARpD are projected range and straggling of ions in the target. The maximum ion
depth concentration should be

N, P -
cmax — 20 o orf 75 2)
S 2v2NoAR,,
. ®-S . .
at the respective depth Zp.x = R, — N The curves of deuterium/metal ratios n(Z) =
0

C(Z)/Ny versus depth are presented in Figs.1,c¢ and 4,b for the studied materials and
respective D¥-ion fluences.

Figure 1 shows that: a) the depth concentrations of D atoms have a very big spread along
the implanted ion path and the width of the implanted zone is much bigger than the projected
range Z > RpD = (19234643) A; b) the integral doses (Cp) of D atoms correspond closely to
the experimental ion fluences for Zr targets only; ¢) the maximum value of the ratio obtained
for D atoms in Zr np® = 0.90at.D/at.Zr is significantly smaller than the calculated
maximum value obtained using expressions (1) and (2): n**(D) ~ 3.3at.D/at.Zr (see
Fig. 1,¢). The large spread of depth distributions of implanted and diffused deuterium atoms
does not allow comparison of the calculated and experimental dependences in depth. This is
a reason of introducing of integral D-atom doses.

For a comparative analysis the integral dose of DT ions implanted into the good-quality
surface of Al,Oj3 single crystal is reported in Fig.2. The projected range of DY ions in
Al>O3 samples is equal to RpD = (28324 602) A (see also Fig. 1,c). The projected range of
ERD-analyzed He™ ions (2.3 MeV) is R} = 1.38 pm.

It is easy to see from Fig.2 that: a) the depth distributions of implanted D' ions for
fluence @0 = 2.3 - 1022 m~2 have a very big spread along the implanted ion path and
the width of the implanted zone is much bigger than the projected range; b) the integral
dose of D atoms bigger than Cp > 6.43 - 102! m~2 is still less than the previous results;
¢) the maximum measured depth concentration of D atoms in AlyO3 sample is about 15%,
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Fig. 2. The depth concentrations of D and H atoms after D -ion implantation with an energy of 25 keV
at fluence ®max = 2.3 - 10?2 m~2 in Al,O3 single crystal
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ie., neAxlS% = 0.18at. D/at. AlbO3 < njf%, = 1.5at.D/at. Al,O3 (see Fig.1,c). The
maximum D-atom concentration was achieved at the depth levels from 0.26 to 0.4 pym. This
depth area is comparable with the projected range of D™ ions in Al;O3 sample.

The experimental D—Al>O3 low value ratio can be explained by a high spread of implan-
tation layer, bigger than the analyzed He™-ion projected range. It would be better to check
this conclusion by another method for depth D-atom measurements, e.g., by secondary mass
ion spectroscopy.

Also, the experimental results have been obtained under the ERD analysis of vanadium
foils implanted by DT ions for all the studied fluences. The integral doses of D atoms in im-
planted V and Pd samples are presented in Figs. 3 and 4 for comparison. The projected ranges
of DT ions and analyzed He™ ions are RD = (1955 +571) A and R['® = 1.04 um (for V),
and RpD = (1237 £ 458) A (see Figs.1,c and 4,b) and Rge = 0.9 pm (for Pd). The cal-
culated deuterium-V and deuterium—Pd ratios for implantation fluences 2.3 - 102 m~2 and
1.2 - 10** m~2 have values n{**(D) = 2.3at.D/at.V and ni3*(D) = 1.5at. D/at.Pd,
respectively (see Figs. 1, c and 4, b). The integral doses and depth concentrations of implanted
D atoms are very low. The measured values of D-atom concentrations in both V and Pd
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Fig. 3. The depth concentrations of D and H atoms after D -ion implantation with an energy of 25 keV
at two fluences: 1.5-10%2 m™2 (a) and Ppax = 2.3-102 m 2 (b)) in V samples
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Fig. 4. The depth concentrations of D and H atoms after implantation of D ions with an energy of
25 keV at fluence 1.2 - 10>2 m~2 in Pd sample (a) and depth-dependent ratios (n<2'¢) for Pd and Pd
alloys (b)
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implanted foils are about < 1—2% only; i.e., these values are near the minimum levels of
ERD-analysis sensitivity.

It is known that Pd foils can be used as super filters of hydrogen isotopes and impenetrable
membranes for other gases [4]. The conclusion of our studies, with respect to the previous
results (see, for example, [6,7, 11, 12]), is that thick V foils (0.2 pum thickness) can be used as
selective membranes for cleaning of hydrogen isotopes from other gases. It is necessary to use
also atomizer for partition of deuterium or hydrogen molecules into atoms. Let us present the
room temperature diffusion coefficients of D atoms in thick V foils: Dp = 2.2-107° m?/s [11],
and for hydrogen diffusion in thin V foils is about Dy = 1.6 - 10~9 m?/s [7].

The main difference between our results and the previous ones [7, 11, 12] is the following:
in spite of high level of mechanical stress in D™ -ion implanted V foils (it is ensued from
bended shape of implanted foils) and surfaces colors changes (Pd foil becomes dark blue and
V dark brown), a low level of implanted deuterium concentrations and a large spread of depth
profiles were observed. These results are also conflicted with the creation of high-pressure
gas bubbles at high fluences [4, 10].

All experimentally measured values for D-atom integral doses in the studied materials
(Zr, Ti, V, Cu, Pd, SS, and Al;Og3) are presented in Table 1. It is valuable to note that
the sputtered layers in all the studied metals and alloys are very narrow (about 10-20 A) in
comparison to the projected range of D ions in them. As can be seen from Table 1, there
is a close relation between the experimentally measured integral doses and the implanted ion
fluences; besides, a big spread of experimental profiles is observed in metals and complex
composed targets. Some empty positions in Table 1 are not filled yet and there are some
inconsistencies to be settled in the very near future.

Table 1. Integral doses of D atoms (10?2 m~2) after implantation of D ions in Zr, Ti, Cu, Pd, V
metals, stainless steel, and Al>O3 single crystal at various fluences ®p (10?2 m~2)

Fluence of DT -ion implantation
Materials implanted Op, 1022 m—2

1.2 1.5 1.8 2.3
Zirconium, Zr — 1.5 1.5 2.3
Titanium, Ti — — 0.6 0.7
Copper, Cu — 1029 | — —
Stainless steel, Fe72CrigNiig — 0.23 — —
Al203 — | = | = 0.64
Palladium, Pd 0.05 — — —
Vanadium, V — 0.09 | 0.04 0.07

The summary data of D- and H-atom integral doses measured before (in some cases),
immediately after and in various time periods from D™-ion implantation are presented in
Table 2 (Part 1 and Part 2). As is shown, the maximum concentration of H atoms was
measured in initial Zr foils in comparison with AloO3 and Ti ones. And there is a decrease in
D-atom integral doses in all implanted, up to high fluence ® ., = 2.3 - 10?2 m~2, measured
samples (AloOs, Zr, Ti, and V). The maximum decrease for all the measured materials is
about 3—4 times less.

This result contradicted the results of creation of H, D and He gas bubbles and bubble
lattices at high fluence of implantation (see [5,10]). It is necessary to check again such
different behavior after a long period of implantation.
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Table 2. Integral doses of D and H atoms (10> m™2) before and after implantation of D™ ions at
fluence 2.3 - 10?2 m~2 and after three months for the studied metals (Zr, Ti, V) and Al,O3 (Part 1)
and integral doses of D and H atoms (102> m~2) in palladium alloys (Pdo.9Ago.1, PdooPto 1,
Pdo.9Rug .1, and Pdo.9Rho 1) at fluence 1.2 - 10%2 m~2 (Part 2) after two months

Part 1
Materials Al,O3| Zr | Ti v
Hydrogen Initial samples 0.049 | 0.21 [0.069| —

Measurements of samples implanted by 25-keV 0.64 | 2.3 | 0.540.097
D™ ions at fluence 2.3 - 10?2 m~2, 0.66 10.070
siQ + ions
ERD anal.ysls by He™ (2.3 MeV) ions after 012 10.13 [ 0.06 | 0.06
Hydrogen implantation
0.15(0.11 | 0.06

0.15 |1 0.65|0.16 | 0.02

Deuterium

Deuterium Measurements of samples implanted by 25-keV
D7 ions at fluence 2.3 - 10?2 m~2,

Hydrogen ERD analysis by He™ (1.9 MeV) ions three
months after implantation

0.16 1 0.27 | 0.13 | 0.09

Part 2
Materials Pd | Pdo.9 [Pdo.9|Pdo.o|Pdo.o
Ago.1 | Pto.1 [Rup.1|Rho.1
. Measurements of samples after D" -ion 0.05| 0.03 {0.03|0.03|0.03
Deuterium |. . 22 9
implantation at fluence 1.2 - 10 m™ =,
ERD analysis by He™ (2.3 MeV) ions after 0.24| 0.17 | 0.16 | 0.24 | 0.32
Hydrogen |. .
implantation
Deuterium Measurements of samples implanted by 25-keV | — | 0.02 | 0.03 | 0.03 | 0.02
D1 ions at fluence 1.2 - 10*2 m™2,
ERD analysis by He™ (1.9 MeV) ions two — | 0.11 | 0.10 | 0.07 |0.11
Hydrogen . .
months after implantation

The complete ERD measurement results of integral D- and H-atom doses at Pd and some
palladium alloys, such as Pdg.9Agg.1, Pdg.oPto.1, Pdg.gRug.1, and Pdy gRhg 1, are presented
in Table 2 (Part 2). Comparison of the experimental results presented in Tables 2 and
1 shows that the integral doses of implanted D atoms and existing integral concentrations
of H atoms do not change much for a long period (two months) between measurements.
Some differences are most probably related to different equipment setups used for ERDA
study and differing energies of used HeT-ion beams. It is necessary to note that depth
distributions of H atoms are very deep and have high integral dose values for all Pd al-
loys. The conclusion is that both components, D atoms and H atoms, do not participate
in desorption processes and exist in alloy lattices as gas atoms absorbed and trapped, i.e.
mainly as substitutive impurities, or in small gas bubbles (see [5,10]). The achieved in-
tegral concentrations of hydrogen atoms are high at (1.5—3.2) - 102 m~2, which is very
promising for possible future applications of that type of energy storage. The depth dis-
tributions of H atoms have a wide spread at big depth from surfaces for all the studied
Pd alloys.
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CONCLUSION

It was shown that the measured integral concentrations of D atoms for all the fluences
(1.5-10%2, 1.8 - 10?2, and 2.3 - 10*> m~2) of D" -ion implantations in Zr, Ti, Cu, SS, and
AlyO3 correspond to ion fluences, particularly for Zr. The observed depth dependency of D
atoms has a spreading tendency along the projected range of DT ions.

D -ion implantation up to superhigh fluences with small used ion flux ~ 3.5-10'" m~2.s~
allowed one to get high concentrations and integral doses in most of the studied metals and
alloys, excluding V and Pd samples. D-atoms saturated layers have a very large width in
depth (spread layer) much bigger than the DT -ion projected ranges and without blistering and
flaking processes.

Desorption was observed to occur in all the studied metals such as Zr, Ti and Al,Oj3 single
crystal. As is well known [5, 10], the H and He ions implanted into Ni foils at fluence interval
10'7-10'® ¢cm~2 should mainly be in lattice of gas bubble with atomic helium gas density
~ 2-10%3 He/cm? at very high pressure, about 50 GPa, and in solid state (see [10, p. 175]).

It was established that there was a very high desorption of deuterium ions from implanted
vanadium samples for all the used implantation fluences. The comparison of V and Pd
implanted samples allows one to conclude that V foils can be used together with more
expensive Pd foils for separation and purification of hydrogen and its heavier isotopes from
other gases. It is just possible with the use of so-called atomizers.
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