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Introduction

Three main mechanisms are available for
explanation of hydrogen embrittlement (HE) in
engineering materials: (i) hydrogen-induced
decohesion, (ii) “hydrogen-induced” formation of
brittle pseudo-hydrides and (iii) hydrogen-
enhanced localised plasticity (HELP). This
presentation aims at discussing these hypotheses
in relation to iron-based alloys, namely austenitic
steels that are widely used as engineering
materials in hydrogenating environments.
Experimental results will be presented in
order: (i) to clarify an effect of hydrogen on
interatomic bonds, (ii) to test a correlation
between hydrogen-induced phases and brittleness,
and (iii) to detect hydrogen-caused microplasticity
using mechanical spectroscopy. Further, the data
on the effect of alloying elements on migration of
hydrogen atoms in the fcc iron lattice will be
presented in relation to HE and, finally, possible
mechanisms for hydrogen-caused localisation and
transition from hydrogen-enhanced
microplasticity to the observed macrobrittle
fracture will be proposed.

Results and discussion

1. Measurements of electron spin resonance
[1] have shown that hydrogen increases the
concentration of free electrons at the Fermi
surface (Fig. 1), which means an enhancement of
the metallic character of interatomic bonds. The
enhanced metallic character of interatomic bonds
cannot be responsible for brittleness. On account
of high mobility of hydrogen atoms and,
consequently, easy hydrogen segregation on
dislocations, this result means a local decrease of
the shear modulus g in vicinity of dislocations
and, as a result, one can predict a decrease in (i)
the start stress of the dislocation sources (c =
2ub/L for the Frank-Read source), (ii) the line
tension of dislocations T = (ub*/4m)/log(R/5b),
i.e. increase in their mobility, and (iii) the distance
between dislocations in pile-ups, e.g. between the
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leading  dislocation and the dislocation
immediately following, d =~ (mub)/16(1-v)no,
where where b is the Burgers vector, L is the
distance between pinning points, R is the radius
of curvature of the dislocation.
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Fig. 1. Spectra of conduction electron spin resonance
for H-free and H-charged samples of alloy
FeCr18Mn18NO0.88 (in mass%).

2. The only hydrogen-induced phase in austenitic
steels is the e-martensite. Its possible role in HE
was tested using alloying of austenitic steels with
elements that assist (Si) or prevent (Ni) formation
of martensite [2]. It is shown that alloying with Si
improves resistance of steel to HE, whereas Ni
increases the loss of ductility caused by hydrogen,
which is at variance with the pseudo-hydride
hypothesis of HE.

3. The decreased start stress for the dislocation
sources and increased mobility of dislocations
were detected using the amplitude-dependent
internal friction [3] (Fig. 2), which is consistent
with the HELP hypothesis.

4. Measurements of temperature-dependent
internal friction at different frequencies were used
in order to obtain the values of the hydrogen



migration enthalpy for different compositions.
These values were compared with HE = [(8,-
On)/00]x100 for the same steels, where &y and Oy
are the values of the elongation of the hydrogen-
free and hydrogen-charged samples, respectively.
It was found that the larger the H migration
enthalpy, the smaller HE is (Fig. 3).
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Fig. 2. Damping caused by dislocations as function of
strain in H-free and h-charged steel Cr25Ni20. The
slope o is proportional to the area swept by
dislocations.
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Fig. 3. Data of the hydrogen-caused decrease in
plasticity HE = [(8¢-0y1)/0¢]x100 versus the migration
enthalpy of hydrogen atoms derived from the studies of
Snoek-like relaxation in hydrogen-charged austenitic
steels of different chemical compositions

5.Theoretical calculations and TEM studies
revealed that the concentration of the thermo-
dynamically equilibrium vacancies increases with
increasing hydrogen concentration [4].
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Conclusions

The following mechanism of HE is proposed
based on the above mentioned experimental
results:
(i) due to increase in concentration of free
electrons, hydrogen decreases the start of plastic
flow and enhances mobility of dislocations;
(i1) the hydrogen-caused increase in the state
density at the Fermi surface decreases stacking
fault energy, which causes the experimentally
observed planar slip;
(i) hydrogen atmospheres round dislocations
increase the concentration of vacancies, which
locally decreases the load-bearing area in the slip
band and causes the observed localization of
plastic flow like it occurs due to void-sheeting [5].
(iv) due to local decrease in the shear modulus
caused by increased concentration of free
electrons in the hydrogen atmospheres round
dislocations, the distance between dislocations on
the slip plane decreases, i.e. the number of
dislocations in pile-ups increases, which assists
early opening of microcracks.
(v) The hydrogen-caused makrobrittle fracture of
austenitic steels occurs due to fusion of
microcracks on the intersecting active or non-
active (111), slip planes, which explains the
observed saw-tooth character of the fracture
surface.
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Beenenue

Tpu  OCHOBHBIX  THIOTE3bl  BOJOPOJHOTO
OXPYITYUBAHUS (BO) KOHCTPYKITHOHHBIX
MaTepUaioB (MHIYyIHMpOBaHHAS BOZOPOIOM

aToOMHasi JeKOore3us, OOpa3oBaHHBIE BOJIOPOIOM
XpYIKHE TCEBOOTUAPUIBI, JIOKAJU30BaHHAsA U
YCWJICHHAsT BOAOPOIOM IuiacTudHOCTh, HELP)
MIPOBEPEHBl MPUMEHUTENBHO K ayCTEHUTHBIM
CTaJsIM, KOTOPBIE ILIMPOKO MCIOIB3YIOTCA Kak
KOHCTPYKIIMOHHBIE MaTepHaJIbl ISl SKCILTyaTaIliH
B HaBOJOpaXMBAaOIUX cpenax. llpeacraBieHs
pe3yabTaThl HCCAEAOBAHUM BIUSHUS BOJOpPOAA Ha
MEXaTOMHYIO CBSI3b; BO3MOXXHOM KOPPEISILIUU
MeXIy WHAYLUUPOBAaHHBIMU BOJOpPOJAOM ¢a3zaMu U
BO; o0ycnoBneHHOH BOAOPOIOM paHHEW MH-
KporutactTuueckoir  aedopmanuu.  IIpemmoskeHbl
BO3MO’KHBIE MEXaHU3MBI JIOKAIU3aIMHA BOJIOPOIOM

IJIaCTUYECKOH nedopManM W mepexona oT
00ycIoBIEeHHON BOZOPOAOM MTOBBIIIICHHOM
MHKPOIUTACTUYHOCTH K MaKpOXpyIIKOMY
pa3pyILICHHUIO.
PesynbTarhel 1 00CyX)IeHNE

1. H3mepenuss 53IEKTPOHHOIO  CIIMHOBOTO

pe3oHaHca [1] moka3anau, 4To BOJOPOJ MOBBIIIAECT
KOHIIEHTpAIMI0  CBOOOAHBIX  JJIEKTPOHOB  Ha
noBepxHoctu @depmu (Puc. 1), T.e. ycunuBaet
METaJUIMYECKUNA XapaxkTep MEXaTOMHOI'O
B3aUMOJEHUCTBHS. MeTaindecKasi CBsSI3b HE MOXKET
OBITh NMPUYMHOW XpYyNKOCTH. [IOCKOIBKY aTOMBI
BOJOpOJA TOABIKHBI H  JIETKO  00pa3yloT
HaCBIIIIEHHbIE aTMOC(ephl BOKPYT AMCIOKAILWH,
3TOT Pe3yNbTaT O3HA4YaeT JOKaJbHOE YMEHBIICHNE
MOAYJISL CABUTA L B OKPECTHOCTH JUCIOKALMM, 4TO
[I03BOJISIET MPECKa3aTh YMEHbILICHUE HAPSKEHUS
cTapTa JUCIOKALMOHHBIX UCTOYHUKOB (O ~ 2ub/L
s ucrouynnka — @panka-Pupa),  nmHeiHOTrO
HaTsokenns gucinokanuit T ~ (ub*/4m)/log(R/5b), n
paccTosiHUSL MEXIy AUCIOKanusMu B pile-ups, d =
(mub)/16(1-v)no, toe b — BekTop broprepca, L —
paccTosiHUEe MeEXIy TOYKaMHU 3aKkpervieHus, R -
paanyc KpUBHU3HBI IHUCIOKALINH.
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Puc. 1. CroexTpbl COMHOBOIO pPE30HAHCa JJIEKTPOHOB

MPOBOJUMOCTH TSI 00pasios CIiaBa
FeCr18Mn18NO0.88 (macc%) bi (o) u rocie
HaBOJOPAKUBAHUSL.

2. EauHCTBEeHHOM WHAYLHUPOBAaHHOW BOAOPOIOM
(dazoii B AayCTCHHUTHBIX CTaJsIX SBJISICTCA &-
MapteHcuT. Ero Bosmoxknas pons B BO Obuia
HCCIIeIOBaHa WCTIOJNB3Y S JIETUPOBaHWE
AyCTCHUTHBIX CTaJell dJIEMEHTaMH, CII0COOCT-
Bytommmu  (Si) wim  npenstcrByronumu - (Ni)
o0pa3oBaHUIO0 g-MapTeHCUTa [2]. YCTaHOBJIEHO,
yto Si yiydmaer croikocth cramu kK BO, B TO
BpeMs kak Ni yxyamaer conporusienue BO, dro
HE TOATBEPXKAaeT T’NNO0Te3y ICEBIOTUAPUIOB.

3.  VYMeHblIeHWE HaNpsOHKEHHWS  CTapTa  JU-
CIIOKAaITMOHHBIX HCTOYHHKOB ¥  TIOBBIIIEHHAs
MMOABM)XHOCTh  TUCJOKAIMii OBLTHM  0OHAPY>KEHBI
WCTIONB3YSl aMIUTUTYAHO-3aBUCUMOE BHYTPEHHEE
tpenue [3] (Puc. 2), 9To cormacyercs ¢ THIIOTE30
HELP.
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Puc. 2. BHyrpenHe TpeHHe, 0OyCIOBICHHOE
TUCTIOKAMAMH, Kak (yHKOWS nepopMamuu B CTald
Cr25Ni20. HaximoH o MOpONOPUHOHATCH IUIOMIAIH,
3aMeTaeMOI TUCIOKAIMSIMH.

4., BiusHWe  JICTUPYIOUIMX  DJIEMEHTOB  Ha
SHTAIBIUI0 MWIPAllMd  aTOMOB BOJOpOJa B
AyCTEHUTHBIX CTallIX HCCIIEI0BAIIOCH HCIOIb3YS
penakcaruto  CHyka. IlomydeHHble  3HAYCHHS
COMOCTaBIICHBl C  JaHHBIMH  MEXaHUYECKUX
ucneitanuit HE = [(8p-0y)/00]x100, rae Oy u Oy —
3HAYCHHSI OTHOCUTEIILHOTO Y/UIMHEHHS 00pa3ioB
mo u mocne HaBomopaxuBanus (Puc. 3). Ycra-
HOBIIeHO, yTo BO TeM MeHbIe, 4eM OoJblie
SHTAJBITUS MUTPALIUU BOJIOPOJIA.
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Puc. 3. Koppensius Meny BOJOPOJIHBIM
oxpymuuBanueM HE = [(§(-0y)/00]x100 u sHTambmmei
MUTpAIXA aTOMOB BOJIOPOJIa B PEIIETKE ayCTEHUTA

5. VYcraHoBiIE€HO, 4YTO C TIOBBIIICGHHEM KOH-
LEHTpallMd BOAOPOJa B AyCTCHUTHON CTajiu
YBEIUYNBACTCS KOHIICHTpaIHs TEepMO-
TUHAMUYCCKH PAaBHOBECHBIX BakaHcui [4].
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BrBoan1

Ha ocHOBe BBINOJHEHHBIX HCCIENOBAHUN
MIpeJIoXkKeH cieayomui mexanusm BO:

(i) BcumexcTBHE ~ YBENMYECHUS  KOHICHTPALUH
CBOOOJIHBIX DIICKTPOHOB BOJOPOJA  yMEHBINACT
HaNpsDKEHHE CTapTa IUIACTHYECKOTO TEUCHHS H
MOBBIILAET HOABHKHOCTD JHCIOKALIHIA;

(il) oOycroBieHHOE BOJOPOAOM  YBEIHUCHHE
IJIOTHOCTH COCTOSIHUM Ha moBepxHOCTH DepMmu
YMEHBIIIAET JHEPruio JedeKTa YMakoBKH M, Kak
CIIC/ICTBHUE, BBI3BIBACT IJIAHAPHOE CKOJILKEHUE;
(ii1)) Bomopoanbpie aTMochepsl BOKPYT TUCIOKAITHN
YBEIMUUBAIOT KOHIIEHTPAIMIO BaKaHCHUH, 4TO
JOKaNbHO  yMEHBIIAET  HECyIIyl0  HarpysKy
IUIOIIAAb B TMOJOCE CKONBKEHHS W BbI3BIBACT
JTOKaJTU3aIAIo ehOpMaIIvH.

(iv) Onmarojmapsi JIOKaJbHOMY YMEHBIICHHIO
MOIyJsl CIOBUra B BOJOPOAHBIX arMochepax
YMEHBIIIAETCS PACCTOSHUE MEXIY JUCIOKAUSMH
U COOTBETCTBEHHO  YBEIMYHMBACTCS  YHCIIO
IUCIOKAMi B CKOIUIEHHH, 4YTO TPHBOAUT K
PaHHEMY PACKPBITHIO CYOMUKPOTPEIIINH;

(v) Bb3BaHHOE  BOJOPOJOM  MAaKpOXpPYIKOE
paspylieHHe ayCTEHUTHBIX CTaled NpPOUCXOAUT
BCIEJCTBUE  CIHSHUS  CYOMHKPOTPEIIMH IO
MEePEeCceKarMUMCs aKTUBHBIM WIJIM HEAKTHBHBIM
IUIOCKOCTSIM cKonbxkeHus (111),, uTo oObsicHseT
HaOII0JaeMbIii XapaKkTep MOBEPXHOCTH pa3pylie-
HUS, B YaCTHOCTHU €€ MIII000pa3HbIi BU.
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