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DEPENDENCES OF HELIUM RETENTION IN TUNGSTEN AND
TANTALUM COATINGS IRRADIATED WITH He" IONS ON FLUENCE
AND TEMPERATURE
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The processes of helium accumulation and thermal desorption for tungsten and tantalum coatings deposited on a
stainless-steel substrate with an intermediate titanium layer were studied at various temperatures of the samples
when irradiated with He" ions to various fluences. The dependences of the concentration of captured helium and the
form of the spectra of its thermal desorption into vacuum were found both on the fluence of He™ ions and on the
temperature of the samples upon irradiation. Possible mechanisms for the accumulation and thermal desorption of
helium, as well as the formation of defects in the crystal lattice of the samples, are discussed.

PACS: 61.80.-%, 61.80.Jh
INTRODUCTION

Tungsten and tantalum are considered [1-5] as the
protective plasma-facing materials for components of
thermonuclear reactors with magnetic [1, 3-5] and inertial
plasma confinement [2]. They are proposed to be used
both as separate materials (W [1, 3, 5] and Ta [2, 3]) and
in form of tungsten-tantalum composites [4] (with 10 and
20 at.% Ta fibers in W matrix) and WTas alloys [5] (with
5 wt.% Ta). One of the ways of production of protective
coatings for plasma-facing components (PFC) is the
plasma sputtering of tungsten or tantalum onto surfaces
of PFC [1, 2]. One of the advantages of Ta and W is the
negligible accumulation of hydrogen isotopes in them,
i.e., the insignificant accumulation of radioactive tritium
under plasma irradiation. This problem is intensively
studied by the authors of [1-11]. The main aims of such
investigations are increasing the radiation resistance of
the proposed materials and obtaining new materials with
improved parameters. Processes of capture, retention, and
thermal desorption of deuterium and helium that ion-
implanted into tungsten [6-9, 11] and tantalum [10]
coatings at room temperature were studied. In [10] also
the processes going at the deuterium implantation into Ta
and W coatings irradiated with D* ions were studied at
elevated temperatures of samples. Formation of radiation
defects in W coatings was analyzed with TEM [11]. The
influence of the temperature of the samples on the
capture, retention and thermal desorption of implanted
deuterium from the coatings was shown.

In the present work, we investigated the processes
accompanying the implantation of helium ions into
tungsten and tantalum coatings at elevated sample
temperatures during bombardment with He" ions. The
influence of the sample temperature on the helium
retention and thermal desorption from the coatings into
vacuum was shown for different fluences of irradiation
with helium ions. Mechanisms of helium capture,
retention, and thermal desorption for irradiated tungsten
and tantalum coatings and the influence of radiation
defects of the crystal lattice of the samples on these
processes are discussed.

ISSN 1562-6016. BAHT. 2020. Ne6(130)

1. EXPERIMENTS

Tungsten and tantalum coatings obtained by the
magnetron sputtering of W and Ta targets in an Ar
atmosphere at the pressure of 1.0 Pa were analyzed. The
coatings were deposited at T=600K at the rate of
0.6 nm/s on 0.8 mm-thick stainless-steel substrate with
an intermediate Ti layer with the thickness < 10 nm
predeposited onto it. The thicknesses of the coatings
were ~1.0um (W) and ~1.5um (Ta). They were
irradiated with 20-keV He" ions at a flux 3.0-10%cm?s™
at T,: 290, 370, 470, 540, 570, 670 and 870 K and fluences
in the range from 1.0-10%cm? to 1.0-10%cm? for W
coatings and at T,: 290, 370, 670, 770 and 870 K and doses
from 1.0-10 cm? up to 1.0-10®cm? for Ta coatings.
Helium ions was generated by a magnetic arc source of
positive ions with air cooling [12, 13]. According to
[14], the mean projective and total ranges of 20-keV
He" ions in the W and Ta coatings were ~60 and
~160 nm, respectively.

Thermal-desorption spectrometry (TDS) was used
for investigation of the retention as well as thermal
desorption of helium from tungsten and tantalum
coatings. With TDS method and a small static gas mass
spectrometer calibrated with a GELIT-1 leak valve, we
measured the TDS spectra of helium. The
concentrations C (in cm™) and capture coefficients
n=C/® of the implanted gas were determined. The
thermal desorption spectrum S = f (T) was the
dependence of the amount S (in cm™) of helium released
at a given temperature T of the sample during its
heating, on this temperature.

The TDS spectra of helium were registered at
heating the irradiated samples with a constant rate
a = 0.8 K/s in the temperature range 290...1800 K on Ta
ribbon. The temperature was measured with welded to it
thermocouples from either chromel-alumel or platinum-
platinum alloy with 13 % rhodium. The temperature
measurement error was +25 K. The pressure in the
chamber was 1.3:10"Pa during TDS analysis. The
detection sensitivity of the procedure used to determine
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the amount of helium particles was no worse than
2.0-10%cm™.

2. RESULTS AND DISCUSSION

Thermal desorption of implanted helium was
observed during heating samples irradiated with helium.
The feature of the thermal desorption spectra depends
on the type of material, the temperature of the sample
during helium implantation, as well as the fluence of
irradiation ions. In Fig. 1 the spectra of helium thermal
desorption from W (see Fig.1,a) and Ta (see Fig.1,b)
coatings He* ions irradiated to different fluences at
To =290 K are shown. In Fig. 1,a dependencies (1-5, 7)
were taken from [9].
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Fig. 1. Spectra of helium thermodesorption from W (a)
and Ta (b) coatings, irradiated with 20-keV He™ ions up
to different fluences @, 10" cm™?: 1 - 1.0; 2 — 2.0;
3-3.1;4-4.0;5-4.7;6-6.1; 7—8.3 for (a) and
(1) 1.0, (2) 2.0, (3) 4.0, (4) 6.0, (5) 10.0 for (b);
To=290K, a=0.8 K/s

Fig.1,a shows, that for ® <4.0-10" cm™ (curves
1-4), helium released from W coatings in vacuum in the
temperature range 700 K < AT <1750 K predominantly
in the peak with a temperature at the maximum
Tmax = 1520 K. The release of helium is observed in the
range  450..1750 K for fluences 4.7-10" cm™
<< ®<8310"cm? (curves 5-7). In addition to the main
peak of the release of He with T, at 1520 K, low-
temperature peaks of its thermal desorption in the range
450...1300 K are observed. The helium release from the
Ta coating into vacuum, as is seen in Fig.1,b, for
fluences @ <6.0-10" cm? (curves 1-4) occurs in the
temperature range 500 K < AT <1750 K mainly with
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the peak at Tn~1660K. For the fluence
®=1.0-10%cm? (curve5), the release of He is
observed in the temperature range 480...1750 K. In
addition to the main peak of the release of He with Tz
at 1660 K, low-temperature peaks of its thermal
desorption in the range 480...1550 K also are observed.
The results showed that the helium thermal desorption
from the above coatings has, in general, the same
character. But the value of T, of the helium release
peak for a Ta coating shifts to higher temperatures.
Also, the change in the spectrum of thermal desorption
of helium from a single-peak dependence to a more
complex one occurs at high fluences of irradiation with
He" ions.

The influence of the samples temperature during He*
ion bombardment on the helium retention and thermal
desorption into vacuum was studied for W and Ta
coatings at low doses, and for W at higher doses. In
Fig. 2 the spectra of helium thermal desorption into
vacuum from a W coating irradiated with the same dose
from the low range at different temperatures T, are
shown. The spectra of helium thermal desorption into
vacuum from Ta coatings He" ions irradiated to the
same fluences from the range of small values of
®<6.0-10"cm? have a similar form for different
values of the temperature T,. It is shown that the
character of the thermal desorption spectra of helium
from W and Ta coatings is retained with an increase in
the temperature of the samples during helium
implantation into them. The thermal desorption spectra
have the form of dependences with one peak for both
types of coatings. The maximum of helium thermal
desorption was recorded at temperatures Tpa = 1520 K
for W and T, = 1660 K for Ta.
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Fig. 2. Spectra of helium thermal desorption from W
coating at different temperatures T,, K: 1 — 290,
2-370,3-540,4-670,5-870;

@ =2.0-10" cm?, a = 0.8 K/s, 20-keV He*ions

In Fig.3 the spectra of helium thermal desorption
from W coatings irradiated to the fluence ~7.0-10"" cm™
for various temperatures T, are shown. Two
temperatures: the room T, =290 K (curves 1 and 2) and
increased T, = 570 K (curves 3 and 4) are selected. As
seen in Fig. 3, the character of the helium thermal
desorption spectra from the W coating changes
significantly with increasing temperature T,. For room
temperature (see Fig. 3, curves 1 and 2), the spectra of
helium thermal desorption from the W coating have
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both the main region of helium release in the peak with
Tmax = 1520 K and another region of its release in the
temperature range 450...1300 K. For an elevated
temperature (see Fig. 3, curves 3 and 4), the spectra of
helium thermal desorption from W coatings have the
form of dependences with one main peak at
Tmax = 1520 K.
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Fig. 3. Spectra of helium thermal desorption from W
coating at different temperatures T,: 1, 2 — 290 K;
3,4-570K; ®=10""cm?:1-6.1; 2—-8.3; 3-6.5;
4-7.0; a = 0.8 K/s, 20-keV He™ ions

1800

In Fig. 4 the dependences of helium concentration C
in the tungsten coating at room temperature (curve 1)
and elevated temperature (curve 2) on the fluence @ of
He" ions irradiation are shown. With an increase in
the irradiation fluence, the value of C increases for both
T, =290 and 570 K.
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Fig. 4. Dependences of the helium concentration on the
fluence of He™ ions irradiation for a tungsten coating at
temperatures T,, K: 1 — 290, 2 — 570; 20-keV He™ ions

In Fig. 5 the dependences of helium concentration C
in the W coatings on the temperature T, of the sample
irradiated to low fluences (curves 1, 2) and to high
fluences (curves 3, 4) are shown. A decrease in the
value of C with an increase in T, is observed for both
low and high ®@. For T, from the interval 290...570 K, an
approximate decrease in the value of C for low @ is 1.6
times and 1.2 times for high ®@.

For W coatings at T, = 290 and 570 K, the He" ion
implantation process cannot be described (within the
measurement error of the C measurements) by one and
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the same dependence C = f (®) (see Fig.4). That may
be due to the different values of the helium capture
coefficient n: for W coatings at T,= 290 K it was
~0.7..0.8 (+ 10%), while at T, = 570K it was
~0.5...0.6 (= 10%) in the same interval of fluence
variation 1.0-10"" cm™® < @ <7.0-10"" cm™.
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Fig. 5. The dependences C = f(T,) for W coatings
irradiated by 20-keV He™ ions with fluence
®=10"cm? 1-1.0;2-2.0;3-6.5;4-7.0

The authors of this work carried out a TEM study of
changes in the microstructure of W coatings containing
helium implanted at room temperature [11]. The
formation of interstitial dislocation loops and
dislocation networks in coatings irradiated with He" ions
at ® <7.0-10"" cm™ was shown. The average diameter
of the dislocation loops was 5.0 nm. The formation of
helium bubbles was not observed. Helium bubbles were
visible at ®>7-10"cm? They had an average
diameter of 2.5nm and a density of 5-10%cm? for
®=7-10"cm® In [15, 16] in metallurgical W
(99.95 %) and ultrapure W (99.995%), irradiated with
He' ions (8keV, 1-10"cm?<®<6-10%cm?) at
T, = 293 K the formation of interstitial dislocation loops
and dislocation networks also was observed. With an
increase in @, the average size of the loops increased to
5.0 nm, and the density was 3.5-10%2cm™. Then they
accumulated as entangled dislocations. It was noted in
[15] that with an increase in temperature T, the density
of the loops dropped sharply and their size increased. At
873 and 1073 K for fluences of 5.6-10"cm™
<®<2.6-10"cm? the dislocation loops grew rapidly
and intertwined with each other. According to [15, 16],
in the above W samples irradiated by 20-keV He" ions
to @ >2-10" cm™ at room temperature, helium bubbles
were noticeable. In [15], the temperature dependence of
fluence of the He® ions irradiation at which the
formation of helium bubbles in metallurgical W was
observed, was shown: for T,= 293K at ®>2-10"" cm?,
at @ >1.5-10" cm™ for T,=873 K, at ®>5.0-10"cm
for T, = 1073 K. The helium bubbles formed at room
temperature had an average diameter of about 2.5 nm
and a density greater than the density of dislocation
loops.

In our work, it was shown that in W and Ta coatings,
irradiated to low fluences @ < 4.0-10"" cm™ (for W) and
® <6.0-10"" cm™ (for Ta) at room temperature, helium
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thermal desorption was observed with a peak at
temperatures Tpa = 1520 K (for W) and T = 1660 K
(for Ta). According to the calculations of [11], the
activation energy of helium thermal desorption from the
tungsten coating was E, = 4.2 eV in the indicated peak,
close to the dissociation energy of 4.42 eV of a helium-
vacancy complex of the HeV type. The dissociation of
the HeV complex includes the release of helium from a
vacancy with a binding energy of 3.9 eV, the migration
of a helium atom through interstices to the surface with
a migration energy of 0.28 eV, and He desorption into
vacuum. The results of He® ions implantation into
tungsten and tantalum coatings at elevated sample
temperatures show the influence of temperature T, on
the helium capture, retention, and thermal desorption
from the coatings. The helium concentrations and
capture coefficients in coatings decrease with an
increase in the temperature of the samples when they
are irradiated with He® ions, although the helium
thermal desorption spectra are still described by one
peak dependences. Basing on saving the character (one
peak) of the spectra of helium thermal desorption into
vacuum for the investigated ranges of variation of the
samples temperature T,, it can be assumed that the
nature of the formed radiation defects and the
mechanisms of their annealing can be the same. At high
temperatures, by analogy with room temperature [11],
in W and Ta coatings He® ions irradiation to low
fluences produces the following radiation defects:
vacancy-type defects, helium-vacancy complexes, and
interstitial dislocation loops. Thermal desorption of
helium, that is caused by the dissociation of helium-
vacancy complexes, migration of helium through
interstices to the surface, and release into vacuum for W
and Ta coatings irradiated at elevated temperatures, is
enhanced. Part of the implanted helium is released
during irradiation with He* ions.

Helium thermal desorption in vacuum at T < 1400 K
from a tungsten coating irradiated with He™ ions to high
fluences 4.7-107 cm?< ®<1.0-10%m? at room
temperature is the result of gas release from other
defects in the coating structure after the formation of
helium bubbles observed in this work. At high-
temperature irradiation of the W coating up to high
fluences @, the temperature T, influences on the
retention and thermal desorption of helium from the
coating. We should especially note the change in the
spectra of helium thermal desorption. For room
temperature samples and high fluences of He® ion
irradiation, spectra of helium thermal desorption from
W coatings have a multi-peak temperature region of
release, which begins at temperatures T > 450 K. For
the elevated samples temperature T, =570 K and a high
fluence @ =~ 7.0-10 cm™ (see Fig. 3, curves 3 and 4),
the spectra of helium thermal desorption from W
coatings have one peak. The temperature at the peak
maximum is Tna = 1520 K. The helium concentration
and capture coefficient in the coating decrease with an
increase of the samples temperature at the He* ions
irradiation. Based on the single-peak nature of the
spectra of helium thermal desorption for W coatings at
high T,, it can be assumed that the nature of the formed
radiation defects and the mechanisms of their annealing

96

can be the same for both high and low fluences of ion
irradiation. The following radiation defects are formed:
vacancy-type defects, helium-vacancy complexes, and
interstitial dislocation loops. During the subsequent
heating after implantation, helium thermal releases into
vacuum after the dissociation of helium-vacancy
complexes and helium migration through interstices to
the surface of the sample.

CONCLUSIONS

The processes of helium retention of tungsten and
tantalum coatings at various temperatures in the range
290 K < T, <870 K of tungsten and tantalum coatings
irradiated with 20-keV He" ions to various fluences
have been studied. The spectra of helium thermal
desorption into vacuum have been analyzed, helium
concentrations and capture coefficients in the coatings
have been determined.

At low irradiation fluences ® <4.0-10* cm? (for
W) and ®<6.0-10"cm? (for Ta), helium thermal
desorption spectra from coatings of both types for
290 K < T, <870 K temperature range are described by
dependences with one peak. The maximum desorption
of helium occurs at T, = 1520 K for tungsten coatings
and T~ 1660 K for tantalum coatings. The helium
concentration and capture coefficient n for coatings of
both materials decrease with temperature T, increasing.
In the same comparable intervals of T, change, the
decrease in the value of n for the tungsten coating in
comparison with that for the tantalum coating is
insignificant (approximately by a factor of 2 and 1.3,
respectively).

At irradiation to higher fluences from the range
4710 cm?<®<1.0-10%cm? (for W) and
® = 1.0-10" cm (for Ta), the spectra of helium thermal
desorption from coatings at T, =290 K have one peak
with a temperature in maximum T, = 1520 K (for W)
and T = 1660 K (for Ta). There is also a multi-peak
temperature region of helium release, beginning from
temperatures T >450 K. For the elevated temperature
T,=570 K of the W coating and a fluence of He" ions
®~7.0-10"cm? the spectra of helium thermal
desorption from the samples have one peak. The
temperature at the peak maximum is T~ 1520 K.

Possible mechanisms for helium retention and
thermal desorption are proposed. The helium retention
in the coatings, apparently, occurs with its capture in
vacancy-type radiation defects and the formation of
helium-vacancy complexes with the subsequent
formation of helium bubbles. During post-implantation
heating of samples or during their irradiation with He"
ions at elevated T, the observed helium thermal
desorption is the result of the dissociation of helium-
vacancy complexes, gas migration along interstices to
the sample surface. Helium thermal desorption can also
be a result of the release from other defects in the
structure of coatings after the formation of helium
bubbles and the influence of the latter on gas evolution.
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3ABUCUMOCTD YAEPKAHUA I'EJIUA B BOJIb®PAMOBBIX 1 TAHTAJIOBBIX IOKPBITHUAX,
OBJIYYEHHBIX HOHAMM He', OT J103bl OBJIYYEHUS U TEMIIEPATYPBI

B.B. bookos, JLII. Tuwenxo, I0.U. Kosmynenxo, A.A. Ckpunnux, JI.A. I'anaonoea

HccnenoBaHbl Mpo1iecchl HAKOTUIEHHS U TePMOZIeCOpOIMHY Tenus Il BOIb()PaMOBOT0 U TAHTAJIOBOTO MMOKPBITHH,
OCA)XJCHHBIX Ha IMOJUIOKKY W3 HEp)KaBelolleld CTaIM C INPOMEXYTOUHBIM CJOeM THTaHa, C pa3INnYHBIMHU
TemIepaTypaMu 06pa3loB npu ob6mydeHnn uoHamu He' 10 pasiuusbix 103, OGHapy’eHb 3aBHCHMOCTH
KOHIIGHTPAI[MM 3aXBaYEHHOTO TeIHS M BHUJA CIEKTPOB €ro TEPMHUYECKOH MOecopOIM B BaKyyM KakK OT JIO3BI
o6nyuenns wonamu He', Tak u TemmnepaTypbl 06pa3ioB TpH 06aydeHHH. [IpeanokeHbl BO3MOKHBIE MEXaHH3MBI
HAKOIUICHUS U TepPMOJECOPOINH Iefins, a TaKkKe 00pa3oBaHus 1e(peKTOB KPUCTAIMIECKOH peIeTKH 00pa31oB.

SAJTIEXKHICTD YTPUMAHHA I'EJIIO Y BOJIb®PAMOBHUX I TAHTAJIOBUX IOKPUTTAX,
OIMPOMIHEHMX IOHAMM He", BIJI JI0O3U ONPOMIHEHHS I TEMIIEPATYPH

B.B. bookos, JLII. Tuwenxo, 10.1. Koesmynenko, A.O. Ckpunnuk, J1.0. I'anaonosa

JocnipkeHo mporecn HaKOIMYEHHS 1 TepMojiecopOuii resito st BOJb()PaMOBOTO 1 TaHTAaJIOBOTO IOKPUTTIB,
0Ca/DKEHUX Ha MIJKIAJKy 3 HEepKaBiloyoi cTasli 3 IPOMDKHUM IIApOM THTaHy, 3 PI3HHUMH TEMIIEpaTypaMH 3pas3KiB
npu onpomiHeHHi ionamu He' 1o pisHMX 103. BHABIEHO 3a€KHOCTI KOHIEHTpAIi 3aXOMIEHOrO Telio i BUI
CTIEKTPiB HOro TepMiuHOI JecopOIlii B BaKyyM K Bijl 103U oNpoMiHeHHs ionamu He', Tak i TemmepaTypu 3paskiB
IIPY OTNPOMiHEHHI. 3aIpOIIOHOBAHO MOXKJIMBI MEXaHI3MH HAKOIMUYEHHS 1 TepMO/IecopOLii resito, a TAKOK YTBOPEHHS
JeeKTiB KPUCTATIITHOI PENIiTKH 3pa3KiB.
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