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The results of steam tests (T=400°C, p=1 bar) of two methods of protection
of zirconium against hydrogenation — plasma irradiation and deposition of
yttrium coatings — are discussed. Amount of hydrogen in irradiated sample
after 2500 h of exposure to overheated steam was 5 times less than the
corresponding value for unirradiated one. Amount of hydrogen in the
sample with yttrium coating was almost constant during 4000 h of exposure.

KOMITOHEHTBI aKTUBHBIX 30H JIETKOBOJHBIX SICPHBIX PEAKTOPOB, W3TOTOBJICHHBIC H3
L[MPKOHMEBBIX CIUIABOB, B IIpollecce pabOThl peaKkTopa MOJBEPraloTcsi KOPPO3UH |
HOTJIONIAIOT BOJOPOJ, YTO IPUBOJUT K BOJOPOJHOMY OXPYIMUMBAHHIO 3THX JACTaleH M MX
nocieyrommen gerpagauun [1]. JlaHHBIC MPOIECCH OMPAHUYMBAIOT PECYPC CYLIECTBYOIIMX
Ha HACTOAIIMH MOMEHT pEaKTOPOB, a TAKXKE IPEMATCTBYIOT IOBBIIICHHIO MOIIHOCTH
PEaKTOPOB HOBOTO MOKOJICHHS U YBEIIMYCHHIO BBITOPAHHs TOILINBA [2].

B Hacrosiiiee BpeMms aKTHBHO pa3pabaThIBAlOTCS IUIA3MEHHBIE METOJbI 3alllUTHI
LMPKOHHEBBIX CIUIABOB OT KOPPO3UH M HABOJOPOKMBAHMS, 3aKITIOYAOIINECS B MOAU(PUKAINK
[OBEPXHOCTH CIUIaBa W HAHECEHHMH HAa Hee 3allUTHBIX MOKPHITHI. B 3TOM psiiy MOKHO
YIOMSHYTh MHKPOAYrOBOE OKCHAMPOBAHHE, DJICKTPOHHO-IIYYKOBOE, HOHHO-ITyYKOBOE H
[UIa3MEHHOE O00JIydeHHe MOBEPXHOCTH CILUIABOB, HOHHO-IUIA3MEHHOE OCAK/CHHE 3allMTHBIX
[OKPHITHH. BBIIICYIOMSIHYTBIC METO/BI B PA3IMYHON CTEINCHH 3aMEUIIIOT KOPPO3HI0 U
HaBOJOPOXXMBAaHUE CIUIABOB, OJHAKO BMECTE C TEM, IYTh K OKOHYATEIBHOMY PELICHUIO
IPOOIIEMBI MO-TIPEKHEMY HE HaH/ICH.

B HacTosimeit paboTe HCCIEAOBAIOCh BIMSHHE OOJIYYCHHS LHMPKOHHEBOTO CILUIaBa
D110 (Zr-1%Nb) HH3KOIHEPreTHMYeCKHUMH HOHAMH aprOHOKHCIOPOIHONH Ta3opa3spsIHon
IUIa3Mbl ¥ HOHHO-ILIA3MEHHOTO OCAXK/ICHHSI NTTPHUEBBIX MOKPBHITHHA HAa XapakTep KOPPO3UH H
HaBOZIOPOXXUBAHUSI CILIABA TIPU UCIBITAHUAX B IIEPETPETOM BOJSTHOM Iape.

Hccnenyembie o0Opasibl UMeTH pasMepbl ~7x7x1 MM H MPEACTaBIsuIH OO0
CerMEeHTHI TPYOKH, U3roToBieHHO# u3 ciaBa D110 (Zr-1%Nb), npeaBapuTensHO IPOMBITHIC

B YJbTPa3BYKOBOH CITUPTOBOW BaHHE.
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O6a 00cy)IaeMbIX METOJa PCallM30BBIBAIMCH B aprOHOBOM pa3psiie ¢ HaKaIbHBIM
karogoMm. OOmydenne 00pa3loB MOHAMH aprOHOKHCIOPOJHOH TIa3Mbl MPOHMCXOIHMIO IPH
cieyromux napamerpax. Jlasnenue miazmoo0pasytomeit cmecu ra3os Pp=1.3x 10" Tla (Ar —
90%, O, — 10%). Dueprus obmy4aromux noHoB Ei=250 3B, mIoTHOCTH MOTOKAa MOHOB Ha
obpaseny ji=7.5%10"" cmc”!, nmosa obmyuemms ®=9x10'8 cm?, Temmeparypa oGpasma
T=270 °C, TonmuHa OKCUAHOTO CIIOSl Ha IMPKOHUU 1ocie 00nydeHus 8-10 HM.

WTTpueBble MOKPHITHA OCAXIAIUCh B aproHOBOM IIasMe IPH  CICAYIOMUX
napameTpax. JHeprusi HOHOB, OOIyYaloIIUX MOBEPXHOCTh (hOPMHUPYIOLIETOCS MOKPBITHS BO
BpeMst ocaxzienusi, He mpesbimana 20 3B. Temmepatypa o6pasia B mpolecce OCaxICHHS
nokpeITHs coctaBisiia T=250 °C, tonupna nokpeitus ~0.5 MKM.

Hcnbitanus cepuii HeoOpabOTaHHEIX 00pa3IoB, 00pa3loB OOIYYCHHBIX IUIA3MOH, H
00pasIoB C HTTPUCBBIMH TOKPBHITUSIMH IIPOBOJMIIMCE B ITAPOBOSHOI Cpesie IPH TeMIepaType
400 °C n nanenuu 1 atm. B meperpetsiii map n3Ha4yaibHO MOMEIIATHCH OJHOBPEMEHHO IO
11-15 obpa3ioB KaxIoi cepuy, KOTOPBIC 3aTEM H3BICKAINCH Yepe3 pa3lIMYHbIe WHTEPBAJIbI
BPEMEHHM, TaK 4TO MAKCHMAJIbHOE BpeMs BhIIEpKKH cocTapisno 4000 4. Tommuea oxcuaa
OIICHHMBAJach 110 H3MEHEHMIO Macchl 00pasioB. KomudecTBo BOmOpoaa B MPOIIEAIIHX
MCHBITAaHHSA 00pa3Iax ONMpeessIoch METOIOM TepMoecopOrmonHoi criektpomerpun (TC)
Ha ycraHoBke «MUKMA» [3]. CxopocTh JIMHEHHOro HarpeBa oOpasma cocrtaBimsuia 5 Kic.
Ilpy anHamu3e HCIOIB30BANIUCH PE3yIbTaThl HM3MepeHHil curHamoB Monekynr H, um HyO.
Jlecopbuus IpyTux MOJIEKY, COAEpKaIiX BOAOPO, Obllla HE3HAYNTETEHOM.

PesynbraThl McnbITaHUil OKa3anu (puc. 1), YTO KOJMYECTBO BOAOPOAA B OOpasliax,
00JIy4eHHBIX aprOHOKHUCIOPOIHON IIIa3MOH, U B HEOOITyIeHHBIX 00pa3ax yBEINUHBACTCS CO
BpeMeHEM BbLIepkkH B mape. Onnako k 2500 4 BBIIEPKKM B Mape KOJMYECTBO BOAOPOIA B
oOpasiax, 00Jy4eHHBIX MJIa3MOM, TPUONU3UTENBHO B 5 pa3 MEHbIIE, YeM B HEOOIYYCHHBIX
obpasuax. B To e BpeMsi, BECOBbIC H3MEPEHUs MOKA3aJIM, YTO TOJIIMHA OKCUJIA MPEBBIIIACT
2 MKM Kak 15l OOJy4€HHBIX, TaK U Uil HEOOydeHHbIX 00pa3ioB yxe K 500 4 BbIICPKKH.
CrenoBaTellbHO, IUIa3MEHHas 00paboTKa MOBEPXHOCTHOTO CJIOS HE BIMAET HA CKOPOCTh
KOppO3UHM LHUPKOHUS B Iape, a 3aMe/UIeHHE HAaBOJOPOKMBAHUsS BbI3BAHO YMEHbIIEHUEM
ko3 purmenta quddysun Bogopoaa B MOANGHUIIMPOBAHHOM ILIA3MOH Clloe.

W3BecTHO, YTO MOHHOE OOIy4eHHE MOXET HMPHBOAUTH K M3MEHEHHIO CTPYKTYPHO-
(azoBoro cocraBa NMPHUIIOBEPXHOCTHOW 00NAcTH, B TOM YHCIE, K YMEHBIICHHIO Pa3MepoB
3epHa, Jlaxe NMPH MajoM 4ucie cMemieHni Ha atoMm (<I dpa). C mpyroii cTopoHsl, B pabote
[4] ObUIO TOKa3aHO, YTO TPAHCIOPT BOAOPOJA CKBO3b OKCHIHYIO IUICHKY B LHUPKOHHI

OCYILECTBISIETCST  [IPEUMYIIECTBEHHO [0 TPaHHIaM 3epeH. TakuM o00pa3oM, MOXHO
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NPEATIOJIOKUTH, YTO 3aMEUICHUEC TpaHCHIOpTa BOAOPOJa B MOHH(l)I/IHI/IpOBaHHOM CJIOE€ MOIJIO
OBITH 06yCHOBHBHO YBECIIMYCHUEM ooOueit NPOTSHKEHHOCTHU TI'paHUl] 3€pEeH B NAaHHOM CJIOE,

BBI3BAHHOM YMEHBUICHHEM pasMEpPOB 3€PECH.

S - Heo6paboTaHHbIe 06Pa3LBLI

3.0 42— o0pastibl, 06paboTaHHbIE B IIa3Me
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Puc. 1. TepmonecopOrust aTOMOB BOIOPO/a U3 00pasnos ciuiasa D110 B 3aBUCUMOCTH OT BpeMEHH
BBIIICPXKKH B rieperperom nape npu T=400°C u p=1 atm.

3aIuUTHBIE CBOMCTBA MTTPHUEBBIX HMOKPBITHI 0 OTHOLICHHIO K KOPPO3UH LIUPKOHHS
OCHOBBIBAIOTCSI HA TOM, YTO CBOOOJHAS YHEPrusl 0Opa3oBaHMs OKCHIA UTTPHS OOJbIIE, YeM
COOTBETCTBYIOIIAs] BEJIMYMHA JUISl OKCHIA IIUPKOHHS, M B CBSI3U C 3THM TPAHCHOPT KHUCIOPOa
13 OKCHJA UTTPHS B OKCHJ MUPKOHUS TePMOJHHAMHIECKH HeBBIrofeH. OIeHKH, OCHOBaHHEIE
Ha pe3yabTaTax BECOBBIX H3MEPEHHH, KOCBCHHO ITOATBEPIKAAIOT 3aMEUICHUE OKCHIHPOBAHHS
LUPKOHHUEBBIX 00PA3I0B, MOKPHITHIX HTTPHEM, II0 CPABHEHHIO C 00pa3aMi 0e3 MOKPHITHIA.

KommuectBo Bomopoga B o0Opasmax C HTITPHEBHIMH IOKPHITHSAMH Cpa3y IIOCIe
ocaxaennst coctapmsio 0.4x10' em? aromos, uro B 2-3 pasa MpeBbILIATIO KOJUYECTBO
BOZOPOJa B 00Opasliax APYrHX CEpuil Ha MOMEHT HX [IOMCIICHHS B MAPOBOASHYIO CPELy
(puc. 1). OnHako B IpoOLECCe HUCIBITAaHUH B MEPErpeToM Iape 3aMETHOrO YBEINYEHHS
KOJIMYECTBA BOJOPOJa B 00pasuax ¢ UTTPUEBBIMH MOKPBHITUSIMU HE HAOIIOAAIOCH BILIOTH 0
40004 BbeIgepkkd. OTCYTCTBHE 3aMETHOTO IOIVIOIIEHUS BOAOPOAA, IO-BUIUMOMY,
o0ycnoBineHo Gonee HU3KUM KoddduimenToM muddy3un BoJopoaa B OKCHIEC HUTTPHUS IO

CPaBHCHUIO C OKCUJIOM IIUPKOHU .

1. B.Cox, J.Nucl.Mat. 170 (1990) 1.
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3. A.Airapetov, L.Begrambekov, S.Bremond, D.Douai, A.Kuzmin, Ya.Sadovskiy, P.Shigin,
S.Vergasov, J.Nucl.Mat. 415 (2011) S1042.

4. G.Sundell, M.Thuvander, A.K.Yatim, H.Nordin, H.-O.Andren, Corros.Sci. 90 (2015) 1.
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METALS FROM THERMAL DESORPTION MEASUREMENTS WITH DIFFERENT
HEATING RATES
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Investigation of hydrogen isotope behaviour in plasma-facing and structural components
is of great importance for successful development of fusion reactors with magnetic
confinement. The hydrogen inventory (especially in the metals with a positive heat of
solution) is determined by the presence of defects, which act as trapping sites for hydrogen.
Therefore precise determination of defects’ parameters, namely binding energies for hydrogen
atoms and their concentration is essential. Thermal desorption spectroscopy (TDS) is a
commonly used method for such purposes. The trap parameters are usually determined by
fitting of simulated TDS spectra to experimental ones using numerical diffusion-trapping
codes, such as TMAP7 [1]. In such approach, the determination of the characteristics of the
trapping sites is ambiguous — they act as free parameters in the model and, as a result, one
spectrum can be fitted by using several combinations of parameters.

However, in some particular cases, the binding energy Ej can be directly determined from

the shift of the desorption maximum 7}, in the TDS measurements performed with different

ln%:]n KM ) E,+Ep 1, )
Tm Eb+El) k T;n

where Ep — activation energy for diffusion, 4 — constant, k£ — Boltzmann constant.

heating rates g:

This method was originally used for determination of activation energies for desorption
from a metal surface [2]. For determination of hydrogen binding energies with defects in the
bulk of metals it was first applied for iron [3] and also recently for tungsten [4, 5].

It can be shown analytically that such approach is valid only for the case of infinitely high
recombination rate at the surface, independently on the trap profile and the initial distribution
of trapped hydrogen. However, if the recombination rate is moderate, numerical simulations
must be applied. This work is devoted to investigation of the role of hydrogen recombination

rate on the applicability of this method.
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For this purpose, thermal desorption spectra with different heating rates (from 0.1 K/s to
50 K/s) were simulated for tungsten using TMAP7 code. Various binding energies, trap
concentration profiles N, (rectangular and Gaussian), and trap populations & were used. The
Frauenfelder’s value of hydrogen diffusivity in tungsten was taken in modelling [6]. Two
recombination rate coefficients were used for comparison: the value for a clean tungsten
surface was taken from the Pick and Sonnenberg’s model [7], and the experimentally
determined value by Anderl et. al. [8]. The effective activation energy for hydrogen release
was calculated according to Eq. (1) from the slope of the Arrhenius-like plot In(4/7, mz) versus
1/T,y; and this value was compared with the expected activation energy that is the sum of the
binding energy and the activation energy for diffusion.

In the case of Pick and Sonnenberg’s recombination rate, a perfect agreement between the
effective activation energy and expected activation energy (£}, + Ep) was observed for all trap
parameters used. In the case of Anderl’s recombination rate, the effective and expected
activation energies were in agreement only in particular cases.

As an example, Fig. 1 shows the simulated TDS spectra (for traps with £, = 0.4 eV
homogeneously distributed to a depth of 1 pm with N, = 107 at. fr. and 6 = 0.001) calculated
using two recombination rate coefficients. It can be clearly seen that the peak position, as well

as the shape of the spectra are strongly affected by the recombination rate coefficient.
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Fig. 1. A set of TDS spectra calculated with different heating rates using Pick and Sonnenberg (left)
and Anderl et. al. (right) recombination rate coefficients

It was observed that the difference between the two activation energies decreased with
increase of the binding energy and the depth of traps location. The difference decreased also
with increase of the trap concentration Nt (or decrease of the initial trap population 6) at a

given initial concentration of trapped hydrogen Cr = Nt 8=const.
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These tendencies can be explained by the shift of the TDS maximum towards higher
temperatures with increase of the binding energy, characteristic location depth of traps, and
trap concentration. The Anderl’s recombination rate becomes rather high at high
temperatures, and recombination does not limit desorption any longer. Consequently, the TDS
peak position in this case depends only on the parameters of the trapping sites.

So, applicability of the method analysed, depends on several factors. To characterize the
regime of hydrogen transport without defects, a transport parameter W was introduced in [9].
It was shown that surface recombination does not influence transport if #>>1. On the analogy
with that work, we introduce a parameter to characterise transport in the field of defects:

R ACAEEAY °

D(T,)

where / — the characteristic location depth of traps, K, — recombination rate coefficient, D —
hydrogen diffusivity, and C — subsurface concentration of solute hydrogen. The latter can be
estimated from a condition of local equilibrium between solute and trapped hydrogen

assuming the trap population to be low:

C E,
(T )=zp—=L b, 3
(T) ZPNTeXp[ kTm] 3
=0,

where p — atomic density of metal, z — number of solute sites per lattice atom, and 6, — trap
population at 7 = T,. Although it is difficult to determine the value of 6, (both
experimentally and theoretically), one can take it equal to the half of the initial (at 7p) trap
population for estimations. Consequently, we can rewrite Eq. (3) in the following way:

_zpd! (B Ep)
M—EK,(Tm)exp[ T ] 4)

As an example, Fig. 2 shows plots of ln(ﬁ/Tmz) versus //T,. The points were obtained
from numerically calculated TDS with different heating rates and two approximations for
K(T). The line is given by Eq. (1). The trap parameters are the same as in Fig. 1. The
corresponding values of u parameter are indicated near each data point. The transport
parameter #>>1 in the case of the clean surface (Pick and Sonnenberg); and the numerically
calculated points agree well with the line predicted by Eq. (1). In this case, the slope of the
plot predicted by Eq. (1) gives a reliable estimation of the detrapping energy (Ey+Ep).
Contrary, u<<l in the case of Anderl’s recombination rate, and numerical point are well
below the analytical line. The analytically calculated slope gives overestimated value of the

detrapping energy in this case. Thus, one can conclude that Eq. (1) is valid for determination
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of binding energies with defects only if the transport parameter u is much larger than unity.

Surface recombination does not retard hydrogen release in this case.
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Fig. 2. Functional dependence of ﬁ/ T2 vs. 1/T,,, . Points are numerically calculated for two
approaches for the recombination rate coefficient. Line is given by Eq. (1).

Concluding, one can say that that the functional plots of Eq. (1) give reliable values of
detrapping energies only in the case of a high recombination rate at the surface. The reduced

recombination rate in experiments can lead to overestimated values of the detrapping energy.
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