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“Corrosion induced Hydrogen Embrittlement in High Strength
Al-Alloys”

Summary

Corrosion presents a major concern to the structural integrity of aging aircraft
structures. As the time of an aircraft structure in service increases, there is a growing
probability that corrosion will interact with other forms of damage, such as single fatigue
cracks or multiple-site damage in the form of widespread cracking at regions of high-stress
gradients; it can result in loss of structural integrity and may lead to fatal consequences. Thus,
the effect of corrosion on the damage tolerance ability of advanced aluminum alloys calls for
a very diligent consideration of the problems associated with the combined effect of corrosion
and embrittling mechanisms. The present thesis focuses on the observed corrosion-induced
embrittlement of 2024 alloy and tries to answer the key question on weather the observed
embrittlement is attributed to hydrogen uptake and trapping in the material. Limited work has
also been performed on alloy 6013.

The experimental procedures involved the following actions: (1) accelerated corrosion
testing (using the EXCO procedure), (2) detailed microstructural investigation of the
evolution of corrosion damage by employing AFM, stereo-microscopy, SEM and
metallography, (3) hydrogen measurements by employing an in-house thermal desorption —
gas chromatography system, (4) detailed fractographic analysis of tensile specimens.

The major results reached are the following:

Corrosion damage in the alloy starts with pitting and develops to a network of intergranular
corrosion leading to exfoliation of material. Pit-to-pit interaction and pit clustering are
mechanisms aiding the development of corrosion damage. The depth of attack increases with
exposure time. Typical value for depth of attack is 350um for 24h of exposure time.

Hydrogen is produced during the corrosion process and is being trapped in distinct energy
states, which correspond to different microstructural traps. These traps are activated and
liberate hydrogen at different temperatures. In alloy 2024, four traps T1 to T4 were identified.
Trap T1 is considered to be a reversible trap, which liberates hydrogen continuously at low
temperatures. Traps T2, T3 and T4 saturate with exposure time and are considered to be
irreversible.

Trapping state T1 corresponds to hydrogen at interstitial sites. The observed material
softening at the same temperature range of T1 activation correlates with theories of hydrogen-
induced softening stemming from dislocation-hydrogen interactions. Trapping state T4 is the
strongest trap and its temperature range corresponds to the dissolution of the strengthening
precipitate in alloy 2024.

The hydrogen front advances with the corrosion front, so hydrogen penetrates deep in
the material through the intergranular paths generated by the corrosion process. Then
hyvdrogen diffuses further in the material establishing a hydrogen affected zone beneath the
corrosion depth of attack.

Removal of the corrosion layer (equal to the depth of attack) leads to complete
restoration of yield strength and partial restoration of ductility. Removal of the corrosion layer
and heating above the T4 activation range (to activate all traps) leads not only to complete
restoration of strength but also to complete restoration of ductility.

Institutional Repository - Library & Information Centre - University of Thessaly
02/06/2024 21:22:26 EEST - 18.218.128.103



Detailed fractographic analysis showed the existence of a quasicleavage transition zone
between the intergranular corrosion zone and the ductile corrosion-unaffected material. This
quasicleavage zone has been embrittled by hydrogen diffusion and trapping. Removal of
hyvdrogen by heating restores all ductility. These results constitute evidence of hydrogen
embrittiement in Al-alloy 2024.

Additional effects studied included the effect of side surface, cladding and anodizing.
Results indicated that more hydrogen enters the material from the LS side (side surface) than
the LT side (rolling plane), probably due to the higher density of grain boundaries in the LS
side. Both forms of corrosion protection, cladding and anodizing reduced considerably
hyvdrogen uptake and trapping.

Regarding the behavior of alloy 6013, preliminary work indicated that the evolution of
corrosion damage follows a similar pattern as for alloy 2024. However corrosion in 6013 is
more intense and intergranular corrosion and exfoliation appear in shorter exposure times.
Hydrogen is also produced during corrosion and is being trapped in the alloy at distinct
energy states.

Today’s aircraft design and maintenance follows the damage tolerance philosophy.
According to this practice among others, flaws or cracks are allowed in the structure once
they are tolerated by the material. Tolerance depends on the fracture toughness of the alloy.
The cracks grow by fatigue. The life of the structure depends (i) on the prescribed damage
tolerance and (ii) on the fatigue crack growth rate. Both of these factors are influenced by
corrosion and hydrogen embrittlement. The present thesis sheds light at the degradation of
ductility and hence fracture toughness, due to the corrosion-induced hydrogen embrittlement,
which reduces the damage tolerance of the structure. These arguments are particularly
important for the so-called “aged aircraft”, which has exceeded or is near the operational
lifetime, but it is still operated by the airlines. These aircrafts have accumulated damage and
corrosion. The damage tolerance of the material has decreased due to hydrogen
embrittlement, at least locally in critical areas such as rivet holes. These conditions call for a
re-determination of residual strength, if the decision is to extend the operational lifetime of
such aircrafts.
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«Awappoon kar YabBvporoinon Yopoyovov oe kpapata

Alovpviov Yyniig Avroyfe»

ExkTeTapévn NepiAnyn

H SuwiPpwon amotelel éva onpovtikd mpOPANUe Yoo TNV SOMIKY] OKEPAOTNTO TOV
‘YNPOCSUEVAOV’ GEPOTIOPIKAOV KOTAOKELGOV. Me v mépodo tov ypdvov Aertovpyiog g
KATOUOKEVTG, Lapyel avénuévn mbavotnta aiinienidpaong g ddPpwong pe Giiovg
punyoviopuovg PAaPng, onmg pepovopéveg N kot TOAAOTAEG poYRES kOmwong. H kxatdotaon
vt UTopei gVKoAd vo. 0OMYNOEL 08 OndAEW NG SOopKYg akepootntag. H emibpaocn g
ddPpwong otv avoyn pg Kataokevhg oty BAABN amattel Ty HEAETN TOL GLVOLAGHOD
ddPpwong ko  pnxoviopdv yabvpormoinong. H mapodoa epyocic eotdler oty
napatnpoduevn yobuvpomoinon mov ovvodedel Ty OGPpwon Tov kpauatog 2024 kot
TPOoTaOEl VO OTOVINGEL OTO EPATNHO KATA TOGO 1 Wabvporoinon avth punopel vo amodobel
o1V Tayidevon vOPOYOVOL GTO UETAAAD KOl VO KATOVOTIOEL TOV UNYAVICHO AELTOVPYinG Kot
alAnkenidpaong Toug.

O mepapotiég dwdikacieg oto kpdpa 2024 souneprerofov o eENG:
() doxipéc emrayvvouevng Sifpwong EXCO (ypnoyomoleiton amd T €toupisg
KOTOUOKEVTG AEPOCKAPDV),
(B) Aemrouepn avaAvon HIKPOOOUNG UE TN YPNON OTEPEOCKOTIOV, UETAALOYPAPIKOV
pikpookoniov, SEM ko AFM,
(Y) perpnosig vOpoydbvov pe THV  ¥PNOM  TEXVIKNG Oeppikng  expOONONC—REPLOS
APOHATOYPOPLAS Kot
(0) Aemrouepeic BpavoTOYPAPIKES AVOADOELS OOKIUIOY EPEAKVOUOD.
To kupdtepa amoteréopata TG epyaciog eivar ta eEng:
H dwappwon EXCO oto kpapo 2024 Eexva wg tpnpotikn duifpwon (Fig. 4. 8 éwc Fig. 4. 10)
Ka g&ghicogTon pe v avanTuEn evog duktvov tepikpuotoiiikng SiPpwong (Fig. 4. 11, Fig.
4. 12), n onola 0dnyei o anoproimon tov vikov (Fig. 4. 16 -Fig. 4. 22). H olinkenidpaon
Kat 1 ovooOpevoT Tpudteov vrofondovv v eEEMEn g SwPpwtikng dpdons. To Pabdoc
TPocPorng avidvetar pe Tov ypovo €xBeong oto duPpwtikd péoov (Fig. 4. 16 -Fig. 4. 22).
Tomuer Ty etvan 350um petd and 24h éxbeonc (Fig. 4. 28, Fig. 4. 29).

To vépoydvo mapdyetal katd tn ddpkeln g daPpwtikhg dpdong kol deopedeTon oe
OVYKEKPYUEVES EVEPYELNKESG KATAOTACELS, Ol OTOIEG AVTIOTOLOUV GE GUYKEKPIUEVES ‘Toryioes
g pucpodopng (Fig. 4. 23). Ot mayideg avtég evepyomoloHvton Kot amodeopuehovv vdpoyovo
ot owpopetikég OBepuokpaciec (Fig. 4. 25). Zto 2024 evtomiomkav téooeplg mayideg
d¢opevong vopoyovov (T1 €wg T4). Oco mo vymAn givar ) Bepokpacio amodEGUEVOTG TOGO
mo woyxvpn eivar N mayida. O mayideg kotaympovviar oe ovtiotpentég (T1), ot omoisg
anerlevBepdvouy vdpoydvo cuvvexdc ko pn avtwotpentés (T3, T2 kov T4), ov omoieg
anerevbepdvouv VépoyOvo pudvo 6tav ETdoovy TNV Beppokpacio wov Ti¢ TPOoGdlopilet.

Metpnoeig pikpookAnpdmTag mov eKTEAECTNKAV UETA TNV VTOBOAT TOV VAKOD 6TO
010 Oeppicd xOKAO, MoV ypnowonmoMONKe Yo TG HETPNOES VOPOYOVOL EdelEav TG TO
dwPpopévo vakd yiverar mo pohokd, yeyovdg to omoio cvpupovel pe T Oswpieg Yo
ebooBévion (softening) amd v eicodo vdpoydvov Adyw® GAANAETIOpaONG TOL HE TIG
ypoppoataéies. H amoPforn vdpoyoévov and v moyida vymAng Bepuokpaciog T4 counintel
pue v Ogppokpocio oAvtoToinong ¢ OAoNG 1oYLPOTOINoNC, VIOSEKVOVTAS OTL TO
VOPOYOVO glvar SeGUEVUEVO BTNV PAOT| QVTH.
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To pétomo 1oV VIPOYOVOL Kiveitul pe 10 pETOTO THG SGPpwong Kat 10 vOPOYOVo
dziedvel fabid oto VAMKO HECHD TOV TEPIKPLOTAAMKAOV ‘dadpdumv’, mov OnpiovpyodvTal
ané v SwPpotik dpdon. Lt ovvéxsi 10 VIpoYOvVo Suaxéetol pECO OTO  LAIKO
oynuotiCovtag pia Ldvn didyvong kate and to Pabog tpocPoing e ddPpwonc.

H amopdxpuvern tov dwfpopévou otpodpatog (icov pe to Pabog npooPoing) (Fig. 4.
26) 0dnyel o TP AVAKTNOT TNG AVTOYNG OALG GE PEPIKN HOVOV AVAKTNGT TNG OAKIHOTITOG
TOV KpApatog (66% T0ov SoKyiov avaeopdc). AvTicTolya, 1 ATOUAKPLVGT TOL Sfpmpévou
OTPOUATOS KoL OEpRaven Tov VAKOD TTave amd Ty Kpiowun Beppokpacic evepyomoinong g
woyupdTEPNS Toyidag vépoydvov (450°C, T4), dote va svepyorombei To cvvoro Twv mayidwv,
odnyel 6y LOVO oe avAKTNON TNS OVTOXNS ARG Kol 6€ TATPT AvVAKTNON TNG OAKILOTNTOS TOV
Kpdpotog - oyedov 99% tov dokiov avapopdg - (Fig. 4. 32).

H Aemtopepric Opavotoypapixy avaivon £0eiEe v mapovoio yobupomotpévng
{ovng ne yapaxkmnpiotikd quasicleavage, kGtw amd TV TEPIKPVOTOAAIKN EMPAVEIRL BpadONG
g SwPpapévng mepoynis. H meproyn avth ocvpmintel pe v {dvn didyvong vdpoyovov mov
avapépbnie mapandve (Fig. 4. 33 éwoc Fig. 4. 36). H 0épuavon tov vikobd mpokdiess tnv
gkpoeNom Tov VEPoYSGVOL amd TV {dOVN aVTA Kot 001 YNOE GTNV OVAKTNGT TNG OAKIULOTNTOG
(Fig. 4. 37 ¢wc Fig. 4. 40). Ta amoteréopata avTd amoteAovV amodelln yabvporoinong
v&poydvoL 610 Kpdpa 2024.

EmnpocBeta anoteléopato apopovv Tnv enidpaon g nopdrievpng emoeaveog (Fig.
4. 41), tov cladding (Fig. 4. 45), xor g avodimong (Fig. 4. 47). Ta amoteléopata £6e1&av 6TL
TEPLGGOTEPO VOPOYOVO EIGAYETOL OO TNV WAPATAELPT] EMPAVELD art’ OTL amd TNV EMEAVELL
Ehoong, TOavOV AOY® TG LEYAAVTEPTIC TUKVOTNTAG SLVOPOV TV KOKK®V GTNV TAPATAELP
emopavew. To cladding kot n avodiwon, extdg amd ™y SWPpOTIKY TPOCTOGIH, EXTEPEPAV KOL
ONHAVTIKY peloomn oTig mocOTNTEG VEPOYOVOL oV decpedovial katd TNV ddfpwcn Tov
KPAUOTOC.

Katd v duapketa g mapovong datpipng emmpocheta oto kpdpo 2024, Eexivnoe
KL [0 TPOKOTAPKTIKNY HeAETN Tov Kpdpatog 6013, kupimg o€ oyéon e v GLUTEPIPOPE TOV
oty dwiPpwon kot v arnoppdenon vdpoydvov. Kiplog otdxog i eokpifmon tov katd
whoo 10 6013 ovumeprpépetal kotd v odPpworn onmwg to 2024 my. omoppdenomn Kot
déopevon vOPoYOVOUL.

Aoxipo Tov kpapoTog vroBANnkav oty idlo mewpapaTiky dudikacio pe o 2024
(dnwg vt meprypdoetal Topanavem). Xe cvykpion pe to kpape 2024 to 6013 napovciaoce
Tapopo cVURTEPLPOPE oty NdPpwon, n omoia Eekwva pe TPNUATiKY NGPpmon Kot
efehMooeton pe v avantoén evog diktvov neptkpvotodlikig hdPpwong (Fig. 4. 49 éng Fig.
4. 51), n onofa odnyel og amoproiwon Tov vAwov. To BdbBog dicicdvong avEdvetar pe tov
APOVO €kBeonc arld o puBUOS apaipeong VALKOD gival TOAD peyaAHTEPOS A’ OTL 6TO KPApLQ
2024.

Merprioeig vdpoydvou €detav 61t kau 10 6013 Seopevel VIpoydvo pe TV ddfpwon
kw10 amelevbephdver oe dapopetikég Beppokpaciec (n TavTOHTNTO TV OMOimWV dEV
ueretnOnke). Xe oxéon pe 2024 mapovodler peyardtepo pubud cveodpevong véPOYOVOL MG
TPOG Tov Xpdvo mPOoPoANc, GAAG Y xpdvovg peyaADTEPOLS TV 24 wpdv 0 pubuoS
pewoveron kon otabeponoieiton (Fig. 4. 53). To Pabog dieicdbvong petpndnke ota 250um yia 4
®peg SaPpwon.

H napovoa epyacio vwodeikvoel 11 1 avoyn otn PAGPN Hiag KoTackKevHC, Ko Kot
enéktaon n Odouwkn axepardtmra, eivar dvvartov ve vmofabuiotodv  onpoviikd Adym
yafupomoinong vépoydvov, mov mpokaieitar amd v dGfpwon Tov vAkod. To Bépa avtd
glvat wioitepo oNHAVTIKO Yol TIG “YNPOCUEVES’ KOTOOKEVES, OVTEG dNAadT| TOv oAOKApOGOY
T0V TPOPAETOHEVO Ypdvo Aertovpyiag Kat £X0VV CLGCOPEVEL SIAPPWOT KoL UIKPOPOYHES. LTIC
TEPTTOOEL 0VTEG TPEMEL va AapPavetar vmdyn 1 mbavy Tomkn peiwon g avoyng o
Birafn Adyw vdpoydvov (oe TEPOYEG OTME OL OTEC) YO TOV TPOCOLOPIGHO TG UTOUEVOVGOG

Institutional Repository - Library & Information Centre - University of Thessaly
02/06/2024 21:22:26 EEST - 18.218.128.103



Kapovton Erévn Extetapévn Hepiknyn

avToyng kot dudpkelog {omng g KATAoKeLNS. AvTr) 1 katdotaon mapovoidletol onig Fig. 4.
55 xou Fig. 4. 56. H kpiowun xatdotaon Ba epeovictel v n dudoon tng pwyung petafet
omVv emnpeacpévny omd 10 vépoydvo mepoyy Omov Tomkd M avoyn ot PAdPn “damage
tolerance” £xer pewwbei. Avtéc 0 KOTOOTACES QrAITODY VOV EROVATPOGOIOPICUO TNG
dudpxerog Long edv oxomog elval 1) EXEKTAON TNG AETOVPYIKNG QITOUEVOVOUS OVTOYNG TOV

0EPOCKAPOVC.
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EuXapioTiEg
Ov guyaplotiec Yo TNV OWKOVOUIKN KO TVELHOTIKY LROGTNPEN KoTé TNV OlupKewd ng
Sdaxtopikng dwzpPng dev eivar dvvatov va cvumepiinedovv oe Alyeg ypappéc. To ypayuo
™m; dtpiPfig amotelel 1o TEAEVTAiO GTAJIO TOL EPEVVNTIKO Epyou evdg atopov. H cuvohikn
doviewd opmg mavto extedeitor | vrofonddtor and Evo peydro aptbpd atdpov. Othw va
EVXOPOTHO® OOOVG HE OMOLOVONTOTE TPOTO EYXOVV GULVEICQEPEL OTNV OAOKANPOON NG
dbakTopKng pov dtppnic.

[Ipwtiotmg TpéEmel va ekEPAc® TNV ELYVMOUOGHVY LoV 6Tovg emPAémovteg kabnyntés pov,
tov Kabnynt) [pnydpn Xaidepevomovro kot tov Kabnynt Basiin Mrovtdloyrov, yu v
Bonfewa Tov pov mopeiyav GAa avTd To XPOVLIKL, TV ETLLOVI| TOVG Kol WOWITEP TV ATEPAVTN
VIOMOVY] KOTA TNV S1apKELD. TNG OAOKANPOONG TOV Keévov. Xmpig v vmooTipiEn Toug Kot
™V amhdyepn Tapoy TOV YVOGEDV KOl TwV SULBOVAGDY TOVg 1 Tapovca dratpiPny dev Oa elye
ohorAnpmOet.

O BaBitateg evyapiotieg exteivoviar ko otov Kabnynr Zmovpo llavieldxn oamnd 10
Iavemotuio [Matpdv yio TNV mapoyn TOV OTOTEAEGUATOV TOV UNYAVIKOV OOKLULOV KOl TNV
gyYKapdlo cvvepyaoio pog katd v ddpkewn g dwotpifnis. Idwitepeg evyopioticg mpémnet va
exppdow otov Ap. AréEn Keppavidn ko tov llapackevd I[etpoyidvvn, ywo v dyoyn
OUVEPYOOIQ HOG O OLAQOPO EPELVTITIKE TPOYPALLOTA.

Oo Mfeho vo €LYOPIOTACEH TO VROAOWTO HEAT) TNG EMTAUEAOVG EEETACTIKNG EMLTPOMNG
Katnyntég k.x. I'. Honmadnunrpiov (E.M.IL.), B. ITaraloyrov (E.M.I1.), A. Towd (A.T1.0) xat
IT. Towkdapoa (ILO.), yio 0 evdpépov mov enédetéav Yoo TV TEPOVOH JBAKTOPIKY

SwrTp1Pn.

Qo NPeho va eKOEPACH TNV €VYVOUOCHVY] MOV OTIG ETOLPIEG KAL TOVG OPYOVIGUOVS TOV
Yenuatoddmoayv v £pgvva, oty onoto otnpiydnke avt n dwtpiPn. ITo cuykekppéva:

» Tnv ITET (I'evueq T'poppoteic ‘Epsvovac kor Texvoloyiog) yww tnv owovopkn
VIOoTNPIEN TOV POV TTaPEiyE HECH TOV gpeLVNTIKOL TPOYpappatos ITENEA.

* Tmv etaupio Airbus ywo v wpoundeia VALKOL KoL 0OWKOVOUIKHG oThpEnc. Idwitepa O
N0era va gvyoprotiom tovg Dr Tempus and Dr Zink yw 11 yprioyieg ninpogopieg mov
mopeEi V.

*  To tuquo Mnyovoldywv Mnyavikdv Blounyaviag tov [lavemotnpiov Oeccaiiog yio
TV OIKOVOUIKT) VOGTNPIEN (VITOTPOPia).

»  ToIopvpa Kpatikdv Yrotpogrwv (IKY) yio mqv owcovopikn vmootnpiEn (vrotpopia).

Qo nfeha va gVYAPICTC® TOPLVOVG Kol TOANIOTEPOVS GUVAIEAPOVS oV ato Epyaatipio
Yhkdv, o1 omolol cvviédecav evepyd oty olorMipoon g SwtpiPnig: Tov AmocToAn
Buooihdxo, tov Avtdvn Kotoopd, Tov Niko Xacidt, Tnv ypappatéa poc Eledva [ommd ot
TEAOG TNV TOAD koA pov @iAn Avve Zegpfakm, yw v MOwkn vroothpién Kol o Kaipio
oy oMo TG,
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Oého eniong vo gvxopPIoTNoM TovS GIAoLE Hov, ot onolot TapoTL dev avapeiybnkov dueco
otnv dovAeid, pov mapeiyav atereintes dpeg ovinoewv Kot draokédaong Kot avexdnkay Tig
wWotpomieg pov. o ovykekpypéva tov Zapfa AovPaptlion, tov I'edpyo Xtpatdkm, tov
Ytého Kovkovporo, tov Tdvvn Zzdpo, v Kotepiva Apyvpuddn kor v Pofdvn
Abovoax.

Téhog Béh® va ekppdom T Pabed EVYVOUOGUVN HOV GTOVS YOVEIG LLOV YO TNV OLKOVOUIKY
vrooTPIEN OAa aVTA To XpOVIO aAAE TV o’ OAo Yo TNV orydstn TouG.
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Chapter 1 - Introduction

Description of the problem

Corrosion presents a major concern to the structural integrity of aging aircraft
structures. As the time of an aircraft structure in service increases, there is a growing
probability that corrosion will interact with other forms of damage, such as single fatigue
cracks or multiple-site damage in the form of widespread cracking at regions of high-stress
gradients; it can result in loss of structural integrity and may lead to fatal consequences. Thus,
the effect of corrosion on the damage tolerance ability of advanced aluminum alloys calls for
a very diligent consideration of the problems associated with the combined effect of corrosion
and embrittling mechanisms. There has been, recently, an increasing attention of basic
research and development concerning structural integrity taking into account the related
corrosion aspects [1-3]. It has been realized that the establishment of damage functions for
quantifying the simultaneous accumulation of corrosion and fatigue-induced damage is very
complex and difficult. Therefore, despite the advancements in modelling fatigue crack growth
[4-7] and multiple-site damage phenomena [1-3], the assessment of structural degradation in
aging aircraft is still relying heavily on test data. To face the corrosion- induced structural
degradation issue, available data usually refer to accelerated laboratory corrosion tests and.
more rarely, to in-nature atmospheric or marine exposure corrosion tests.

With the exception of the atmospheric corrosion test where, according to the relevant
specification the tensile properties of corroded specimens are measured as well, these tests are
used for evaluating the corrosion susceptibility of the materials by measuring weight loss and
characterizing depth and type of corrosion attack. The above methodology toward
understanding corrosion susceptibility of a material does not relate corrosion to their effect on
the materials mechanical behavior and residual properties. Yet, it is exactly these missing data
that are needed to face structural integrity problems of corroded aircraft components.
Corrosion- induced mechanical degradation studies have been based mainly on the results of
stress corrosion cracking tests [8, 9] or, more rarely on the results of fatigue tests performed in
the presence of a corrosive environment [1-3]. Both types of tests provide useful results; they
refer, however, to the case where a material is loaded in a corrosive environment but not to
situations where a corroded material is subjected to mechanical loads. Present-day
considerations of the corrosion-induced structural degradation relate the presence of corrosion
with a decrease of the load-bearing capacity of the corroded structural member [2, 10].

This decrease is associated with the presence of corrosion notches that lead to local
increase of stress promoting fatigue crack initiation as well; in addition, corrosion-induced
reduction of the members’ load-bearing thickness which, in the case of the thin alloy skin
sheets, may be essential, can lead to appreciable increase of stress gradients [10]. Corrosion-
induced material embrittlement is not accounted for. The above consideration of the
cerrosion-induced structural integrity issue is consistent with the classical understanding of
the corrosion attack of aluminum alloys as the result of complex oxidation processes at the
materials surface.
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The above considerations gain particular importance if the so-called “aging aircraft”
issue is considered. The aging aircraft has accumulated corrosion damage over the service life
and its residual life depends on possible degradation stemming from corrosion-induced
embrittling mechanisms. One characteristic example where failure was attributed to
corrosion-induced multi-site damage (MSD) has been the Aloha Airlines accident in 1988,
Fig. 1. The Figure insert shows the possible mechanism of damage, i.e. growth and linkage of
multiple fatigue cracks, emanating from rivet holes. Recent investigations in the Hellenic
Aerospace Industry (HAI) on firefighting planes has shown considerable corrosion damage
around rivet holes (Fig. 2).

There are two key questions regarding this issue:

1. Is there a corrosion-induced degradation of ductility, which in turn degrades damage

tolerance and the residual life of aerostructures?

2. What is the underlying corrosion-induced embrittling mechanism?

The answer to the first question has been given by the long series of experiments,
conducted at the Univ. of Patras [11, 12], on mechanical testing of precorroded (in EXCO)
alloy 2024. It was shown that (i) degradation of ductility increases with corrosion exposure
time and (ii) removal of the corrosion layer restores strength but not ductility. These results
indicated the operation of a bulk corrosion-induced embrittlement mechanism. The
researchers at the Univ. of Patras pointed that hydrogen embrittlement might be the
underlying mechanism. Furthermore in [13], the reduction in tensile ductility was associated
with the reduction of fracture toughness of the corroded material and the concept of local
fracture toughness was introduced. A fracture toughness model, based on a multiscaling
concept, has been proposed to calculate the local fracture toughness of a material element
ahead of the crack tip [13].

Thesis objectives

In view of the above considerations, the present thesis tries to answer the second
question posted above, i.e. what is the underlying corrosion-induced embrittlement
mechanism. Is it hydrogen embrittlement?

The thesis objectives are therefore the following:
1. To establish a link, if any, between corrosion and hydrogen uptake and trapping.
2. To establish a link, if any, between hydrogen trapping and the observed embrittlement.

Thesis methodology

Research was focused on aircraft aluminum alloy 2024 in the T3 temper. The
experimental procedures involved the following actions:

(1) Accelerated corrosion testing (using the EXCO procedure),

(2) Detailed microstructural investigation of the evolution of corrosion damage by
employing AFM, stereo-microscopy, SEM and metallography,

(3) Hydrogen measurements by employing an in-house thermal desorption — gas
chromatography system,

4) Detailed fractographic analysis of tensile specimens. The tension tests were performed
at the Univ. of Patras. The results of the tension tests were correlated with the
hydrogen measurements, the microstructural evolution of corrosion damage and the
fractographic analysis of the tensile specimens in order to reach to the thesis
conclusions
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Thesis originality

The corrosion-induced degradation of mechanical behavior has been considered
mainly by stress corrosion cracking or corrosion fatigue tests, where mechanical testing is
performed in a corrosive environment. This thesis is targeted to provide understanding of the
embrittlement mechanisms that lead to degradation of mechanical behavior and loss of
residual strength after corrosion. It is the first experimental work to our knowledge that
provides evidence of hydrogen trapping and microstructural evidence of hydrogen
embrittlement in high-strength aircraft aluminum alloys.

Thesis support
This thesis has been financially supported in part by the following programs/grants:
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Fig. 1: Photo from Aloha Airlines accident. Insert: possible cause of damage was cracking between
rivet holes.

Fig. 2: Corrosion around rivet holes in 2024 alloy in firefighter planes (source Hellenic Aerospace
Industry (H.A.I)).
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Chapter 2 - Bibliographic
Review

The bibliographic review presented in the following pages, in addition to presenting
the state of the art for the subject, aims at a short discussion of the key subjects of this thesis.
The review starts with a brief introduction on Al-alloys (age hardening, damage tolerance). It
continues with a discussion of corrosion of 2xxx and 6xxx alloys, emphasizing the forms of
corrosion (pitting, intergranular corrosion, SCC and exfoliation). Finally there is a critical
discussion of hydrogen damage in alloys and hydrogen embrittlement of Al-alloys.

2.1 The aircraft aluminium alloys of the 2xxx and 6xxx
series

Metallurgical characteristics and hardening processes

The strength of aluminum alloys, rivals that of mild carbon steel, and can approach
700 MPa. Combination of high strength and light weight makes aluminum especially well
suited to aircraft industry. Alloy 2024 T3, because of its high strength-to-density ratio and
corrosion resistance is used in the aircraft industry for numerous applications such as
fuselage, door skin and trailing edge panels.

This alloy belongs in the 2xxx series, of wrought aluminum alloys; they are usually
referred to as aircraft alloys. The primary alloying element for this group is copper, which
produces high strength but reduced corrosion resistance (Table 1). These alloys were among
the first aluminum alloys developed and were originally called duralumin. Alloy 2024 is
perhaps the best known and most widely used alloy in the aircraft industry.

Alloys of the 6xxx series are also used in aerospace industry. Alloys in this group
contain magnesium and silicon in proportions that form magnesium silicide (Mg,Si). These
alloys have a good balance of corrosion resistance and strength. Alloy 6061 is one of the most
popular and has a yield strength comparable to mild carbon steel.

Table 1: Wrought Alloy Designation System and Characteristics.

Primary Alloyin Relative Relative
Series Number ry ying Corrosion Heat Treatment
Element . Strength
Resistance
1xxx None Excellent Fair Non-heat-treatable
2xxXx Copper Fair Excellent Heat treatable
3xxx Manganese Good Fair Non-heat-treatable
4xxX Silicon Fair Fair Non-heat-treatable
Sxxx Magnesium Good Good Non-heat-treatable
6Xxx Magnesium and silicon Good Good Heat-treatable
TXXx Zinc Fair Excellent Heat-treatable
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Some alloys (such as 2024) are protected by a thin coating of pure aluminum or
corrosion-resistant aluminum alloy, the resulting product is called al-clad. This cladding is
metallurgically bonded to one or both sides of the sheet or plate and may be 1.5-10% of its
overall thickness. The cladding alloy is chosen so that it is anodic to the core alloy and
protects it from corrosion. Any corrosion that occurs proceeds only to the cladding-core
interface and then spreads laterally, making cladding very effective in protecting thin
materials.

Heat treatable aluminum alloys like 2024 and 6013 own their remarkable mechanical
properties to age hardening. Heat treatment normally involves the following stages:
(1) Solution treatment at a relatively high temperature within the single-phase region in
order to dissolve the alloying elements.
(2) Rapid cooling or quenching, usually to room temperature, to obtain a supersaturated
solid solution (SSSS) of these elements in aluminium.
(3) Controlled decomposition of the SSSS to form a finely dispersed precipitate, usually
by ageing for specified times at one and sometimes two intermediate temperatures.
The complete decomposition of an SSSS is a complex process which may involve several
stages. Typically, Guinier-Preston (GP) zones and an intermediate precipitate may form prior
to the equilibrium phase and may also coexist with the equilibrium phase. The GP zones are
ordered, solute-rich clusters of atoms which may be only one or two atom planes in thickness.
They retain the structure of the matrix and are coherent with it, although they produce
appreciable elastic strains. Their formation requires movements of atoms over relatively short
distances so that they are very finely dispersed in the matrix with densities which may be as
high as 10'7 to 10'® cm™. The intermediate precipitate is normally much larger in size than a
GP zone and is only partly coherent with the lattice planes of the matrix. It has a definite
composition and crystal structure which may differ only slightly from those of the equilibrium
precipitate. In some alloys, the intermediate precipitate may be nucleated from, or at, the sites
of stable GP zones. In others this phase nucleates heterogeneously at lattice defects such as
dislocations. Formation of the final equilibrium precipitate involves complete loss of
coherency with the parent lattice. It forms only at relatively high ageing temperatures and,
because it is coarsely dispersed, little hardening results. Maximum hardening in commercial
alloys occurs with the formation of a critical dispersion of GP zones, or an intermediate
precipitate, or both. In some cases the alloys are cold worked (e.g. by stretching 5%) after
quenching and before ageing, thus increasing dislocation density and providing more sites at
which heterogeneous nucleation of intermediate precipitates may occur. The precipitation
sequence of Al-Cu, Al-Cu-Mg [14-26] and Al-Mg-Si alloys [27-33] is illustrated in Table 2
[34].

If precipitate particles are large and widely spaced, they can be readily bypassed by
moving dislocations which bow out between them by a mechanism first proposed by Orowan
[34]. Loops of dislocations are left around the particles. The yield strength of the alloy is low
but the rate of work-hardening is high, and plastic deformation tends to be spread more
uniformly throughout the grains. Accompanying the formation of the intermediate precipitate
is the development of wider, precipitate-free zones adjacent to grain boundaries.

These zones are relatively weak with respect to the age-hardened matrix and may deform
preferentially leading to high stress concentrations at triple points which, in turn, may cause
premature cracking.
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Table 2 The precipitation sequence of 2xxx and 6xxx alloys [34]

Alloy Precipitates Remarks
GP zones as thin plates on {100} 6' | Probably single layers of copper atoms on {100},
(formerly GP zones) Coherent, probably two layers of copper atoms separated by three
Al-Cu layers of aluminium atoms May be nucleated at GP zones
©' tetragonal A1,Cu Semi-coherent plates nucleated at dislocations
a=0404 nm Form on {100},
¢=0580nm
0 body-centred tetragonal A1,Cu Incoherent equilibrium phase
a=0607nm May nucleate at surface of &
¢= 0487 nm
GP (Cu, Mg) zones as rods along <100> | GP zones form very rapidly in most compositions aged at elevated
Al-Cu-Mg temperatures Sometimes known as GPB zones
S' orthorhombic A1,CuMg Semi-coherent and nucleated at dislocations
c=0718 run Forms as laths 1n {210}, along <001>,
b=0925nm
a=0404 nm
S orthorhombic A1,CuMg Incoherent equilibrium phase, probably transforms from S
a=0400 nm Note that precipitates from the AI-Cu system can also form in
b=0923 nm compositions with high Cu Mg ratios
c¢=0714nm
Spherical GP zones GP zones solvus below room temperature 1f <5%Mg and close to
Al-Mg room temperature in compositions between 5 and 10%Mg
B’ hexagonal Probably semi-coherent
a=1002nm Nucleated on dislocations
¢=1636 nm
(0001)g//(001),,[0110]//[110],
face-centred cubic MgS5Als (formerly | Incoherent, equilibrium phase Forms as plates or laths in gran
Mg, Aly) boundaries and at a surface of ' particles in matrix
a=2 824 nm (111)6//(001),,[110]4//[010],
AL-Me-Si Clusters of Mg and S1 atoms GP zones”? | GP zones solvus occurs at temperatures that are normally higher
-Mg-Si than the ageing temperatures
B’’ monoclinic Coherent needles, lie along (100)a
a=1534nm (010)B"// (001)B>°//(001)a,[001]1B”//[310]ax
b=0405nm
¢=0683 run
p=106'
B’ hexagonal Mg,S1 Semi-coherent rods, e along (100)a
a=0705=
¢ = 0405 nm (0001)p// (100)a, (1010)B°//[510]a
May form from
B' hexagonal Semi-coherent laths, lie along (100)a
a=104nm
¢=0405nm (0001)B'// (001) a, (1010) B*// [510] a
Forms together with B, favoured by high S1 Mg ratios
B face-centred cubic Mg,S1 Platelets on {100} May transform directly from,
a=0639nm (100)p//(100)a, [110]18//[100]a
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Fatigue Consideration and the damage tolerant design

The effect of fatigue on aircraft integrity began to be considered as long as 70 years
ago. Design methods that consider fatigue as a constraint were introduced. Today, there are 2
conceptual approaches to calculating fatigue-limited structural life: “safe life” and “fail safe”.
In the “safe-life” approach to fatigue design, the typical cyclic load spectra, which are
imposed on a structural component in service, are first determined. On the basis of this
information, the components are analyzed or tested in the laboratory under load conditions
which are typical of service spectra and a useful fatigue life is estimated for the component.
The estimated fatigue life suitably modified with a factor of safety (or an ignorance factor),
then provides a prediction of “safe-life” for the component. At the end of the expected safe
operation life, the component is automatically retired from service, even if no failure has
occurred during service (and the component has considerable residual fatigue life). Safe life
design was introduced in the 1930s and 1940s and relies strongly on detailed knowledge of
service experience and requires rigorous product testing. By selecting a large margin of
safety, a safe operating life can be guaranteed, although such a conservative approach may not
be desirable from the view points of economy and performance.

“Fail safe” design was introduced in the 1950s and assures that catastrophic failure is
not probable as the result of a failure of a single structural element. The “fail-safe” concept is
based on the argument that, even if an individual member of a large structure fails, there
should be sufficient structural integrity in the remaining parts to enable the structure to
operate safely until the crack is detected. To achieve this result, “fail-safe” designs
incorporate redundant crack pathways in the design. The fail-safe approach mandates periodic
inspections along with the requirement that the crack detection techniques be capable of
identifying flaws to enable prompt repairs or replacements.

Finally, damage tolerance was introduced in the late 1960s and early 1970s, and
couples crack growth analysis with periodic inspections to detect cracks and remove cracked
load bearing members from service in situations where these would have a high probability of
failure prior to the next scheduled inspection [35]. Damage tolerance became recognized as an
important issue in 1954 when three Comet jet airplanes, manufactured with 7075-type
aluminum, crashed [35]. The cause of the crashes was attributed to premature fatigue failure
of the pressurized fuselage associated with stress concentrations at windows and hatches.
Today, fracture toughness and fatigue crack growth have been incorporated as a primary
design criterion in many products in the same manner as strength was used several decades
ago.

The basic premise here is that all engineering components are inherently flawed. The
size of a pre-existing flaw is generally determined from non-destructive flaw detection
techniques. If no flaw is found in the component, proof tests are conducted whereby a
structure is subjected to a simulation test a priori at a stress level slightly higher than the
service stress. If no cracks are detected by the non-destructive test method and if catastrophic
failure does not occur during the proof test, the larger (undetected) initial crack size is
estimated from the resolution of the flaw detection technique. The useful fatigue life is then
defined as the number of fatigue cycles or time to propagate the dominant crack from this
initial size to some critical dimension. The choice of the critical size for the fatigue crack may
be based on the fracture toughness of the material, the limit load for the particular structural
part, the allowable strain or the permissible change in the compliance of the component. The
prediction of crack propagation life using the defect-tolerant approach involves empirical
crack growth laws based on fracture mechanics. This intrinsically conservative approach to
fatigue has been widely used in fatigue-critical applications where catastrophic failures will
result in the loss of human lives; examples include the aerospace and nuclear industries.
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Beginning in the ‘80s, jet powered flight had become “ the standard” and other
considerations for aircraft such as fuel costs, the revenue opportunities associated with
increasing range and payload, and reducing landing weight fees again returned the technical
focus to weight reduction but without sacrificing life. Then, in the ‘90s, the realization of the
benefits of extending the life of the aging aircraft fleet resulted in a technical focus on
improved damage tolerance and improved corrosion resistance. The currently used airframe
design methods have evolved over many years and the practices employed today incorporate
both the benefit of this past experience and availability of better analytical methods. Static
sttength has been an important first order consideration since the beginning of flight and
aircrafts are usually designed to withstand a maximum operating load plus a safety factor,
which is typically 1.5. In modern aircraft, static strength is necessary but not sufficient,
largely because of the prolonged service lives expected of the aircraft.

Corrosion and Residual life

The advantage of the damage tolerant design philosophy is obviously the ability to
treat cracked objects in a direct and appropriate fashion. The previous methods only allow for
the immediate removal of cracked structure. Use of the stress-intensity values and appropriate
data (properties) allows the number of cycles of crack growth over a range of crack sizes to be
estimated and fracture to be predicted. The clear tie of crack size, orientation, and geometry to
ncn-destructive evaluation (NDE) is also a plus. Disadvantages are: possibly computationally
intensive stress-intensity factor determinations, greater complexity in development and
modelling of property data, and the necessity to perform numerical integration to determine
crack growth. In addition, the predicted lives are considerably influenced by the initial crack
size used in the calculation, requiring quantitative development of probability of detection for
each type of NDE technique employed. Related to the initial crack size consideration is the
inability of this approach to model effectively that the component was actually suitable for
modelling as a continuum, which eliminates the so-called "initiation" portion of the part life.
It becomes obvious that complete knowledge of prexisting cracks and their propagating paths
must be available.

A major factor introducing cracks in materials is corrosion that produces cracking of
metals as a result of exposure to the aggressive environment. This cracking may take the form
of relatively slow, stable crack extension or, as is often the case, unpredictable catastrophic
fracture. Investigations involving information on the residual mechanical properties of a
structural material following exposure to corrosive environment were conducted by Pantelakis
et al. [11, 12], and the effect of corrosion and hydrogen embrittiement on the mechanical
behavior of aluminum aircraft alloys was investigated. The work was based on extended, new
experimental data of the aircraft aluminum alloys 2024, 6013, 2091, and 8090. Evaluation of
corrosion resistance was performed based on the tensile behavior following several types of
corrosion tests. The results were interpreted in terms of current concern about the effect of
corrosion on structural integrity analysis of aged aircrafts. Results on the fatigue behavior of
corroded 2024 alloy specimens were presented as well. Finally, the obtained results were
discussed under the viewpoint of hydrogen embrittlement.

2.2 The corrosion of high-strength aluminium alloys

It has become clear that a profound understanding and efficient control of corrosion
phenomena is essential, for the reliable extension of aircraft service life.

Aluminum, as indicated by its position in the electromotive force series, is a
thermodynamically reactive metal; among structural metals, only beryllium and magnesium
are more reactive. Aluminum owes its excellent corrosion resistance to the protective oxide
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film that is bonded strongly to its surface and that, if damaged, reforms immediately in most
environments. The conditions for thermodynamic stability of the oxide film are expressed by
the Pourbaix (electrochemical potential versus pH) diagram. Aluminum is passive (protected
by its oxide film) in the pH range of about 4 to 8.5. The limits of this range, however, vary
somewhat with temperature, with the specific form of oxide film present, and with the
presence of substances that can form soluble complexes or insoluble salts with aluminum.
Beyond the limits of its passive range, aluminum corrodes in aqueous solutions because its
oxides are soluble in many acids and bases, yielding Al ** ions in the former and A107
(aluminate) ions in the latter.

Corrosion of aluminum in the passive range is localized, usually manifested by
random formation of pits. For aluminum, pitting corrosion is most commonly produced by
halide ions, of which chloride (CI') is the most frequently encountered in service. Pitting of
aluminum in halide solutions open to the air occurs because, in the presence of oxygen, the
metal is readily polarized to its pitting potential. Generally, aluminum does not develop
pitting in aerated solutions of most nonhalide salts because its pitting potential in these
solutions is considerably more noble (cathodic) than in halide solutions, and it is not polarized
to these potentials in normal service.

Because of the electrochemical nature of corrosion processes, relationships among
solution potentials of different aluminum alloys, as well as between potentials of aluminum
alloys and those of other metals, are of considerable importance. Furthermore, the solution-
potential relationships among the microstructural constituents of a particular alloy
significantly affect its corrosion behavior. Compositions of solid solutions and additional
phases, as well as amounts and spatial distributions of the additional phases, may affect both
the type and extent of corrosion.

2xxx wrought alloys

2xxx wrought alloys, in which copper is the major alloying element, are less
corrosion-resistant than alloys of other series that contain much lower amounts of copper.
Electrochemical effects on corrosion can be stronger in these alloys than in alloys of many
other types because of two factors: greater change in electrode potential with variations in the
arnount of copper in solid solution; and, under some conditions, the presence of
nonuniformities in solid-solution concentration. However, the fact that general corrosion
resistance decreases with increasing copper content is not primarily attributable to these solid-
solution or second-phase solution-potential relationships, but rather to galvanic cells created
by formation of minute copper particles or films deposited on the alloy surface as a result of
corrosion. As corrosion progresses, copper ions, which initially go into solution, replate onto
the alloy to form metallic copper cathodes. The reduction of copper ions and the increased
efficiency of O, and H' reduction reactions in the presence of copper increase the corrosion
rate.

It is generally acceptable that pitting constitutes the precursor for every other type of
corrosion; the creation of pits is virtually the first stage of corrosion. Pits first appear in
regions where surface abnormalities with respect to the matrix are present. For example on
grain boundaries, where during the precipitation of intermetallic second phase particles, a
neighbouring area poor in compound elements is created. If the boundary precipitates are
anodic with respect to the matrix and the precipitate free zone, then these particles are
selectively dissolved. In the opposite case the neighbouring area poor in compound elements
is attacked [36]. On grain boundaries of an alloy belonging to the 2xxx series, for example,
they selectively create anodic regions that make the material sensitive to corrosion.

Other researchers have shown that the anodic nature of grain boundaries can be
attributed to the segregation in these regions, with regard to the grain interior. Guillaumin et
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al. observed on grain boundaries of 2024 acicular precipitates Al,CuMg as well as particles of
S phase [37]. Generally galvanic cells are created between regions rich in Cu (S phase) and
neighbouring regions poor in compound elements. From studies in different corrosive
environments it was concluded that Cl ion is the most aggressive [38]. As a result of the
severe presence of Cl” ions, the marine environment is highly corrosive [39].

6xxx Wrought Alloys

Moderately high strength and very good resistance to corrosion make the heat-
treatable wrought alloys of the 6xxx series (aluminum-magnesium-silicon) highly suitable in
various structural, buildings, marine, machinery, and process-equipment applications. The
Mg,Si phase, which is the basis for precipitation hardening, is unique in that it is an ionic
compound and is not only anodic to aluminum but is also reactive in acidic solutions.
However, either in solid solution or as sub microscopic precipitate, Mg,Si has a negligible
effect on electrode potential. Because these alloys are normally used in the heat-treated
condition, no detrimental effects result from the major alloying elements or from the
supplementary chromium, manganese, or zirconium added to control grain structure. Copper
additions, which augment strength in many of these alloys, are limited to small amounts to
mmnimize effects on corrosion resistance. In general, the level of resistance decreases
somewhat with increasing copper content. When the magnesium and silicon contents in a
6xxx alloy are balanced (in proportion to form only Mg,Si), corrosion by intergranular
penetration is slight in most commercial environments. If the alloy contains silicon beyond
that needed to form Mg,Si or contains a high level of cathodic impurities, susceptibility to
intergranular corrosion increases.

Intergranular Corrosion

Another form of corrosion is intergranular (intercrystalline) corrosion, which is
selective attack of grain boundaries or closely adjacent regions without appreciable attack of
the grains themselves. Intergranular corrosion is a generic term that includes several
variations associated with different metallic structures and thermomechanical treatments.
Intergranular corrosion is caused by potential differences between the grain-boundary region
and the adjacent grain bodies. The location of the anodic path varies with the different alloy
systems: In 2xxx series alloys, it is a narrow band on either side of the boundary that is
depleted in copper. The 6xxx series alloys generally resist this type of corrosion, although
shght intergranular attack has been observed in aggressive environments. Because
intergranular corrosion is involved in SCC of aluminum alloys, it is often presumed to be
more deleterious than pitting or general corrosion. However, in alloys that are not susceptible
to SCC (e.g., the 6xxx series alloys) intergranular corrosion is usually no more severe than
pitting corrosion and tends to decrease with time. For equal depth of corrosion, its effect on
strength is also no greater than that of pitting corrosion, although fatigue cracks may be more
likely to initiate at areas of intergranular corrosion than at random pits.

Stress corrosion cracking and Corrosion fatigue

Stress-corrosion cracking (SCC) is a term used to describe service failures in
engineering materials that occur by slow environmentally induced crack propagation. The
observed crack propagation is the result of the combined and synergistic interaction of
mechanical stress and corrosion reactions. This is a simple definition of a complex subject,
and like most simplifications, it fails to identify the boundaries of the subject. Environments
that cause SCC are usually aqueous and can be condensed layers of moisture or bulk
solutions. Typically, SCC of an alloy is the result of the presence of a specific chemical
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species in the environment. Thus, chloride ions cause cracking in stainless steels and
aluminum alloys [40, 41].

Only aluminum alloys that contain appreciable amounts of soluble alloying elements,
primarily copper, magnesium, silicon, and zinc, are susceptible to SCC. For most commercial
alloys, tempers have been developed that provide a high degree of immunity to SCC in most
environments.

Stress-corrosion cracking in aluminum alloys is characteristically intergranular.
According to the electrochemical theory, this requires a condition along grain boundaries that
makes them anodic to the rest of the microstructure so that corrosion propagates selectively
along them. Such a condition is produced by localized decomposition of solid solution, with a
high degree of continuity of decomposition products along the grain boundaries. The most
anodic regions may be either the boundaries themselves (most commonly, the precipitate
formed in them) or regions adjoining the boundaries that have been depleted of solute.

In 2xxx alloys, the solute-depleted regions are the most anodic. The most anodic

grain-boundary regions in other alloys have not been identified with certainty. Strong
evidence for the presence of anodic regions and for the electrochemical nature of their
corrosion in aqueous solutions is provided by the fact that SCC can be greatly retarded, if not
eliminated, by cathodic protection. For alloys requiring microstructural control to avoid
susceptibility, resistance is obtained by using treatments that produce precipitate throughout
the microstructure, because precipitate always forms along boundaries, and its formation then
usually cannot be prevented [42-46].
According to electrochemical theory, susceptibility to intergranular corrosion is a prerequisite
for susceptibility to SCC, and treatment of aluminum alloys to improve resistance to SCC also
improves their resistance to intergranular corrosion. For most alloys, however, optimum
levels of resistance to these two types of failure require different treatments and resistance to
intergranular corrosion is no a reliable indication of resistance to SCC.

Corrosion fatigue occurs in metals as a result of the combined action of a cyclic stress
and a corrosive environment. Corrosion fatigue is dependent on the interactions among
loading, environmental, and metallurgical factors. For a given material, the fatigue strength
(or fatigue life at a given maximum stress value) generally decreases in the presence of an
aggressive environment. The effect varies widely, depending primarily on the particular
metal-environment combination. The environment may affect the probability of fatigue crack
initiation, the fatigue crack growth rate, or both.

Exfoliation corrosion

In certain tempers, wrought products of aluminum alloys are subject to corrosion by
exfoliation, which is sometimes described as lamellar, layer, or stratified corrosion. In this
type of corrosion, attack proceeds along selective subsurface paths parallel to the surface.
Layers of uncorroded metal between the selective paths are split apart and pushed above the
original surface by the voluminous corrosion product formed along the paths of attack.
Because it can be detected readily at an early stage and is restricted in depth, exfoliation does
not cause unexpected structural failure, as does SCC.

Exfoliation occurs predominantly in products with markedly directional structures, in
which highly elongated grains form platelets that are thin relative to their length and width.
Susceptibility to this type of corrosion may result from the presence of aligned intergranular
or subgrain boundary precipitates or from aligned strata that differ slightly in composition.
The intensity of exfoliation increases in slightly acidic environments or when the aluminum is
coupled to a cathodic dissimilar metal. Exfoliation is not accelerated by stress and does not
lead to SCC. Alloys most susceptible to exfoliation are the heat-treatable 2xxx and 7xxx
alloys and certain cold-worked 5xxx alloys. Exfoliation is primarily caused by unfavorable
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distribution of precipitate. The processing to eliminate this form of attack promotes either
more uniform precipitation within grains or a more advanced stage of precipitation. Thus,
increases in precipitation heat-treating time or temperature are as effective in reducing
susceptibility to exfoliation as they are in reducing susceptibility to SCC.

The occurrence of exfoliation in susceptible materials is remarkably influenced by
environmental conditions. For example, forged truck wheels made of an aluminum-copper
alloy (2024-T4) give corrosion-free service for many years in the warm climates of the
southern and western United States, but exfoliate severely in only one or two years in the
northern states, where de-icing salts are used on the highways during the winter months.
Exfoliation corrosion initiates between bimetallic couples and progresses along grain
boundaries as an intergranular crack. This intergranular crack widens into a crack plane and
enlarges into multiple crack planes. Corrosive oxides press outward against the adjacent
metal, thus producing a pattern of delamination [47, 48].

Accelerated corrosion tests

Accelerated laboratory tests do not precisely predict long-term corrosion behavior.
However, they are frequently used when answers are needed quickly in the development of
new materials. For this reason, accelerated tests are used to screen candidate alloys before
conducting atmospheric exposures or other field tests. They are also sometimes used for
quality control tests. Several new laboratory tests for exfoliation corrosion have been
standardized in recent years under the jurisdiction of American Society for Testing and
Materials (ASTM) Committee G- 1 on the corrosion of metals.

ASTM standard G 34 provides an accelerated exfoliation corrosion test for 2xxx and
7xxx alloys through the continuous immersion of test materials in an aqueous solution
containing 4 M NaCl, 0.5 M potassium nitrate (KNOs), and 0. I M HNO; at 25 °C.
Susceptibility to exfoliation is determined by visual examination, using performance ratings
established by reference standard photographs [49]. This method, known as the EXCO test, is
primarily used in research and development and quality control of such mill products as sheet
and plate. However, it should not be considered the optimal method for quality acceptance.
Rather, this method provides a useful prediction of the exfoliation behavior of these alloys in
various types of outdoor service, especially in marine and industrial environments. The test
solution is very corrosive and is meant to represent the more severe type of environmental
exposure.

It remains to be determined whether correlations can be established between EXCO
test ratings and practical service conditions for given alloy. Outdoor exposure tests are being
conducted for this purpose. For example, it has been reported that samples of 7xxx alloys
rated EA (superficial exfoliation) or P (pitting) in 48 h EXCO test did not develop more than
superficial exfoliation (EA rating) during six to nine-year exposures to seacoast atmospheres,
while materials rated as EC or E (severe and very severe exfoliation, respectively) developed
severe exfoliation within or one to seven years at the seacoast. It is anticipated that additional
comparison will become available as the outdoor tests are extended.

2. 3 Hydrogen Damage in Alloys

General classification of hydrogen damage

Hydrogen damage is a form of environmentally assisted failure that results most often
from the combined action of hydrogen penetration and residual or applied tensile stress.
Hydrogen damage to specific alloys or groups of alloys manifests itself in many ways, such as
cracking, blistering, hydride formation and loss in tensile ductility. For many years, these
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failures have been collectively termed hydrogen embrittlement and have been confused with
other forms of environmentally induced failure; this term persists even though it is improperly
used to describe a multitude of failure modes involving hydrogen, several of which do not
demonstrate the classical features of embrittlement (that is reduced load carrying capability or
fracture below the yield strength).

The specific types of hydrogen damage have been categorized in order to enhance the
understanding of the factors that affect this behavior in alloys and to provide a basis for
development and analysis of theories regarding different hydrogen damage mechanisms.

Blistering occurs predominantly in low-strength alloys when atomic hydrogen diffuses
to internal defects, such as laminations or nonmetallic inclusions, and then precipitates as
molecular hydrogen (H,). The pressure of molecular hydrogen can attain such high values that
localized plastic deformation of the alloy occurs, forming a blister that often ruptures. Blisters
are frequently found in low-strength steels that have been exposed to aggressive corrosive
environments (such as H,S) or cleaned by pickling [50]. Shatter cracks, flakes, and fish eyes
are features common to hydrogen damage in forgings, weldments, and castings. They are
atiributed to hydrogen pickup during melting operations when the melt has a higher solubility
for hydrogen than the solid alloy. During cooling from the melt, hydrogen diffuses to and
precipitates in voids and discontinuities, producing the features that result from the decreased
solubility of hydrogen in the solid metal [51].

Hydrogen environment embrittlement occurs during the plastic deformation of alloys
in contact with hydrogen bearing gases or a corrosion reaction and is therefore strain rate
dependent. The degradation of the mechanical properties of ferritic steels, nickel-base alloys,
titanium alloys, and metastable austenitic stainless steels is greatest when the strain rate is low
and the hydrogen pressure and purity are high.

Hydrogen stress cracking often referred to as hydrogen-induced cracking or static
fatigue is characterized by the brittle fracture of a normally ductile alloy under sustained load
in the presence of hydrogen. Most often, fracture occurs at sustained loads below the yield
strtength of the material. Hydrogen stress cracking is associated with absorption of hydrogen
and a delayed time to failure (incubation time) during which hydrogen diffuses into regions of
high triaxial stress. The catastrophic cracking of steels in hydrogen sulfide (H,S)
environments referred to as sulfide stress cracking is a special case of hydrogen stress
cracking [50].

Hydrogen attack 1s a high-temperature form of hydrogen damage that occurs in carbon
and low-alloy steels exposed to high pressure hydrogen at high temperatures for extended
time. Hydrogen enters the steel and reacts with carbon either in solution or as carbides to form
methane gas, which may result in the formation of cracks and fissures or may simply
decarburize the steel resulting in a loss in strength of the alloy. This form of damage is
temperature dependent, with a threshold temperature of approximately 200 °C [52, 53].

Loss in tensile ductility was one of the earliest recognized forms of hydrogen damage.
Significant decreases in elongation and reduction in area are observed for steels, stainless
steels, nickel-base alloys, aluminum alloys, and titanium alloys exposed to hydrogen. This
mode of failure is most often observed in lower-strength alloys, and the extent of loss in
tensile ductility is a function of hydrogen content of the material. Loss in tensile ductility
behavior is strain rate sensitive and becomes more pronounced as the strain rate decreases
[54].

Degradation in flow properties in hydrogen environments has been found at ambient
ternperatures for iron and steel and at elevated temperature for several alloy systems. The
steady-state creep rate under constant load has been observed to increase in the presence of
hydrogen for some nickel-base alloys.
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Hydride formation produces embrittlement in magnesium, tantalum, niobium,
vanadium, uranium, thorium, zirconium, titanium, and their alloys, as well as many other less
common metals and alloys. The degradation of mechanical properties and the cracking of
these metals and their alloys are attributable to the precipitation of metal hydride phases.
Hydrogen pickup often results from welding, heat treating, charging from a corrosion process,
or during melting of the alloy. Hydride formation is enhanced for some metal-hydrogen
systems by the application of stress-the so-called stress-induced hydride formation. Alloy
systems that form hydrides are generally ductile at high (>300 K) and low (< 100 K)
temperatures at which they fracture by ductile rupture. This temperature dependence is
comparable to that observed for the hydrogen embrittlement of ferrous and nickel alloys.
Some of these alloys are also susceptible to failure in hydrogen by mechanisms other than
hydriding. Some evidence exists that nickel and aluminum alloys may also form a highly
uristable hydride that could contribute to hydrogen damage of these alloys; however, this
possibility has not been confirmed.

Mechanisms of Hydrogen Embrittlement

As may be appreciated from the numerous classes of hydrogen damage, there are
many explanations or theories for these various forms of degradation. The preeminent
theories for hydrogen damage are based on pressure, surface adsorption, decohesion,
enhanced plastic flow, hydrogen attack, and hydride formation. Although many other theories
have been presented, most are variations on these basic models.

The pressure theory of hydrogen damage, or more specifically, hydrogen
embrittlement, is one of the oldest models for hydrogen damage. This theory attributes
hydrogen embrittlement to the diffusion of atomic hydrogen into the metal and its eventual
accumulation at voids or other internal surfaces in the alloy. As the concentration of hydrogen
increases at these microstructural discontinuities, a high internal pressure is created that
enhances void growth or initiates cracking. This model, although apparently reasonable for
blistering and possibly appropriate for some aspects of loss in tensile ductility, does not
explain many of the factors observed for classes of failure such as hydrogen stress cracking.
However, it is a well-recognized phenomenon that charging hydrogen into steel or nickel
alloys at high fugacity, either with high pressure hydrogen gas or under extreme
electrochemical charging, can create a significant density of voids and irreversible damage to
the alloy consistent with a pressure-dependent model [55].

The surface adsorption theory suggests that hydrogen adsorbs on the free surfaces
created adjacent to the crack tip, decreasing the surface free energy and thus the work of
fracture. Reduction in the work of fracture would thus enhance crack propagation at stress
levels below those typically experienced for a particular alloy in a benign environment. There
are many arguments against this model. The principal criticism is that it greatly
underestimates the work of fracture and does not account for the discontinuous crack growth
that has been observed for hydrogen cracking.

Decohesion describes the effect of hydrogen on the cohesive force between atoms of
the alloy matrix. Sufficiently high hydrogen concentrations that accumulate ahead of a crack
tip are assumed to lower the maximum cohesive force between metal atoms such that the
local maximum tensile stress perpendicular to the plane of the crack then becomes equivalent
to or greater than the lattice cohesive force and fracture results.

Enhanced plastic flow is associated with hydrogen-dislocation interactions and is
primarily based on fractographic observations. This approach proposes that atomic hydrogen
enhances dislocation motion, generally screw dislocations, and the creation of dislocations at
surfaces and/or crack tips leading to softening of the material on a localized scale [56, 57].
Although this behavior has been observed in certain steels, hardening by hydrogen has also
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been found. Careful high-resolution electron microscopy of what appears to be brittle
cleavage or intergranular fracture surfaces has revealed evidence of crack tip plasticity in
support of this mechanism.

Hydride formation is the degradation of Group Vb metals (niobium vanadium. and
tantalum) and zirconium, titanium [58] and magnesium in hydrogen environments by the
formation of a brittle metal hydride at the crack tip. When sufficient hydrogen is available in
the alloy, a metal hydride precipitates. Cracking of the hydride occurs, followed by crack
arrest in the more ductile matrix or continued crack growth between hydrides by ductile
rupture. Because hydride formation is enhanced by the application of stress, the stress field
ahead of the crack tip may induce precipitation of additional hydrides that cleave. Thus, in
some alloys, brittle crack propagation occurs by repeated precipitation of hydrides ahead of
the crack tip, cleavage of these hydrides, and precipitation of new hydrides and so on until
fracture is complete.

Hydrogen Trapping. Although numerous models exist, none adequately explains the
behavior exhibited by alloys in different hydrogen bearing systems. Until a universal theory is
developed, one must rely on the phenomenological behavior between the more prominent
alloy systems to understand hydrogen damage. One of the principal factors that determines
the hydrogen damage susceptibility of various alloys is a phenomenon referred to as trapping.
Diffusion studies of iron and steels have shown an initial retardation in diffusion rate or lag
time for hydrogen diffusion through these alloys before a steady-state diffusivity compatible
with that expected theoretically is achieved [59, 60]. This lag time is generally considered to
be related to the filling of traps by hydrogen. In fact, the apparent diffusivity of hydrogen in
steels shows a precipitous decrease with increasing concentration of particles (traps).
Hydrogen trapping may be considered the binding of hydrogen atoms to impurities, structural
defects, or microstructural constituents in the alloy. Binding may be attributed to local electric
fields and stress fields, temperature gradients, chemical potential gradients, or physical
trapping. These hydrogen traps may be mobile (dislocations. stacking faults) or stationary
(grain boundaries, carbide particles, individual solute atoms) [61, 62]. They may also be
reversible or irreversible traps. Short-duration trapping of hydrogen in which the occupancy
time is limited is referred to as reversible. A long residency time for hydrogen characterized
by a high binding energy is termed irreversible trapping [63, 64]. Table 3 presents a
classification of hydrogen traps in steels. The concept and investigation of trapping have been
developed primarily for steels: however, it may not be restricted to this system [65]. Face-
centered cubic alloys show a similar trapping behaviour, although at a somewhat reduced
efficiency for trapping compared to steels [66].

Many factors affect the behavior of ferrous alloys in hydrogen-bearing environments.
Hydrogen concentration, temperature heat treatment/microstructure, stress level (applied and
yield stress), solution composition,and environment are the primary factors involved in
determining susceptibility to hydrogen embrittlement. The longer the baking time, the lower
the residual hydrogen in the steel matrix. In general, increasing the concentration of hydrogen
in an alloy will reduce time to failure and the stress level at which failure will occur [67-72].
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Table 3. Classification of hydrogen traps 1n steels [73]

Example of trap .
Elements Elements Interactio
at the left with a n energy, | Character if
Trap class | of Iron negative €'y eV known Influence diameter, D,
N1 (0083) Most  probably | A few interatomic spacings
Mn Mn (009) reversible
Cr Cr (0 10)
\Y \Y (0 16)
Ce (0 16)
Nb (0 16)
Point T T 027) Reversible
(vacancy)
Sc 0] 071
Ca Ta (0 98) Getting more
K Ia (0 98) rreversible
Nd (134)
Dislocations 031 Reversible 3 nm for an edge dislocation
025 Reversible
Linear (average
values)
Intersection of three grain Depends on
boundaries coherency
Planar or | Particle/matrix interfaces Irreversible , gets | Diameter of the particle or a
brnensional TiC(incoherent) more reversible | little more as coherency
Fe;C 098 as the particle 15 | increases
MnS 0 8-098 more coherent
Grain boundaries 027 Reversible Same as dislocation
Average Reversible or
Value Irreversible
0 55-0 61
(high angle)
Twins Reversible A few interatomic spacings
Internal Surfaces
Voids >022 Dimension of the defect
Volume Cracks
Particles Depends on the
exothermicity of
the dissolution of
H by the
particles

Hydrogen concentration in the alloy is a function of the fugacity or the approximate
concentration of hydrogen at the surface exposed to the environment. Therefore, hydrogen
embrittlement will be controlled by the hydrogen gas pressure or pH of the environment as
well as constituents within the environment that may accelerate or inhibit the entry of
hydrogen into the alloy. Elements such as sulfur, phosphorus, antimony, tin, and arsenic and
their compounds have been found to inhibit the hydrogen recombination reaction in aqueous
solutions, thus increasing the charging of atomic hydrogen into the alloy. In contrast, small
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amounts of oxygen in gaseous hydrogen environments have demonstrated an inhibitive effect
on crack growth of high-strength steels subject to hydrogen cracking.

Temperature also plays an important role in the hydrogen embrittlement of ferrous
alloys. Embrittlement is most severe near room temperature and becomes less severe or
nonexistent at higher or lower temperatures. At lower temperatures, the diffusivity of
hvdrogen is too sluggish to fill sufficient traps, but at high temperatures, hydrogen mobility is
enhanced and trapping is diminished. Embrittlement is also strongly strain rate dependent. At
high strain rates, fracture may proceed without the assistance of hydrogen because the
mobility of hydrogen is not sufficient to maintain a hydrogen atmosphere around moving
dislocations.

Fracture of low-strength steels in hydrogen environments may be characterized by
ductile dimple-rupture, tearing, cleavage, quasi-cleavage, and, less frequently under certain
conditions, intergranular cracking.

High-strength steels are prone to fracture either in an intergranular fashion or by
quasi-cleavage, depending on the stress intensity [74]. These steels commonly display an
incubation time before fracture initiates under sustained loading, usually in association with
regions of high-stress triaxiality. Because triaxial stresses are created at notch roots or under
plane strain, fracture initiates internally in the steel. Intergranular fracture is promoted by the
presence of impurity elements at prioraustenite or ferrite grain boundaries. Elements such as
phosphorus, sulfur, tin, antimony and arsenic have been found to enhance the intergranular
fracture of high-strength steels in hydrogen, and as expected, temper-embrittled steels are
even more susceptible to hydrogen stress cracking than steels that are not embrittled.

Nickel and its alloys are susceptible to hydrogen damage in both aqueous and gaseous
hydrogen environments. The same factors that affect hydrogen embrittlement susceptibility in
ferrous alloys are also prevalent in nickel alloys, although to a lesser degree. In general, fcc
metals, because of their greater ease of slip and reduced solute diffusivities as compared to
bee materials, are less susceptible to hydrogen damage. As with ferrous alloys, hydrogen in
nickel and its alloys may introduce intergranular, transgranular or quasi-cleavage cracking,
and although the macroscopic features appear to be brittle, on a microscopic scale there is a
high degree of local plasticity, suggesting that hydrogen enhances flow at the crack tip.

Hydrogen damage in Al alloys

Only recently has it been determined that hydrogen embrittles aluminum. For many
years all environmental cracking of aluminum and its alloys was represented as SCC
However, testing in specific hydrogen environments has revealed the susceptibility of
aluminum to hydrogen damage. Hydrogen damage in aluminum alloys may take the form of
intergranular [75] or transgranular cracking or blistering. Blistering is most often associated
with the melting or heat treatment of aluminum, where reaction with water vapor produces
hvdrogen. Blistering due to hydrogen is frequently associated with grain-boundary
precipitates or the formation of small voids. Blister formation in aluminum is different from
that in ferrous alloys in that it is more common to form a multitude of near-surface voids that
coalesce to produce a large blister.

In a manner similar to the mechanism in iron-based alloys, hydrogen diffuses into the
aluminum lattice and collects at internal defects. This occurs most frequently during
annealing or solution treating in air furnaces prior to age hardening [76].

Dry hydrogen gas is not detrimental to aluminum alloys; however, with the addition of
water vapor, subcritical crack growth increases dramatically. The threshold stress intensity for
cracking of aluminum also decreases significantly in the presence of humid hydrogen gas at
ambient temperature [77].
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Crack growth in aluminum in hydrogen is also a function of hydrogen permeability, as
in the iron- and nickel-base alloys. Hydrogen permeation and the crack growth rate are a
function of potential, increasing with more negative potentials, as expected for hydrogen
embrittlement behavior. Similarly, the ductility of aluminum alloys in hydrogen is
temperature depended displaying minimum in reduction in area below 0°C, this is similar to
other fcc alloys. Most of the work on hydrogen embrittlement of aluminum has been on the
7xxx alloys; therefore, the full extent of hydrogen damage in aluminum alloys has not been
determined and the mechanisms have not been established. Some evidence for a metastable
aluminum hydride has been found that would explain the brittle intergranular fracture of
alurninum-zinc-magnesium alloys in water vapor. However, the instability of the hydride is
such that it has been difficult to evaluate. Another explanation for the intergranular fracture of
these alloys is that there is preferential decohesion of grain boundaries containing segregated
magnesium. Overaging of these alloys increases their resistance to hydrogen embrittlement in
much the same way as for highly tempered martensitic steels. Regarding corrosion-induced
material embrittlement, Pantelakis et al. [11, 78] claimed that hydrogen embrittlement could
be responsible for the dramatic degradation of toughness and ductility of 2091 and 8090 Al-Li
alloys as well as conventional 2024 alloy in several types of accelerated corrosion tests [13].
In. other alloy systems there is mounting evidence connecting embrittlement and stress
corrosion cracking to hydrogen penetration. Speidel [8] reviews recent results, mainly for Al-
Mg-Zn alloys. Studies by Scamans et al. [79] of Al embrittlement in humid air, point to the
major role of hydrogen. In particular, the intergranular crack path and the reversibility of the
phenomenon (recovery of ductility after degassing) support a hydrogen, rather than an anodic
dissolution, mechanism. Also, Scamans and Tuck [80] measured H, permeability and stress
corrosion resistance of the Al-Mg-Zn alloy, as functions of quench- rate and aging treatment,
and found similar trends. However, the stress-corrosion-resistant Al-Mg-Si alloy does not
allow hydrogen permeation through its matrix, though the volume of hydrogen produced by
surface reaction with the water in humid air is even higher than that of the Al-Nig-Zn alloy
[£0]. It has been suggested [8] that hydrogen plays a major role in stress corrosion cracking of
aluminum alloys exposed to aqueous solutions as well. An indication in favor of this
argument is provided by measurement, in Al-Mg-Zn alloys, of hydrogen permeation and
stress corrosion crack growth rates [81]. These parameters are found to vary similarly as
functions of the electrode potential. Despite the lack of a universally accepted hydrogen
embrittlement mechanism, a generally recognized common feature is that some critical
concentration of hydrogen must buildup at potential crack sites, for failure to initiate. Thus,
the distribution of hydrogen inside the metal and its pattern of migration are of paramount
importance in understanding the phenomena and designing alloys with improved behavior.

It has been shown [82, 83] that lattice defects (vacancies, dislocations, grain
boundaries) and precipitates provide a variety of trapping sites for diffusing hydrogen.
Hydrogen traps have mechanistically been classified by Pressouyre [63] as reversible and
irreversible, depending on the steepness of the energy barrier needed to be overcome by
hydrogen to escape from the trap. For example, during a degassing experiment reversible
traps will release hydrogen continuously, while irreversible ones will do so only after a
critical temperature has been reached. This is the temperature at which the probability of a
single jump out of the steep trap becomes nonnegligible. Reversible and irreversible traps
may play different roles during an actual experiment [64]. In particular, irreversible traps will
always act as sinks for hydrogen, whereas reversible traps may act as sinks or sources
depending on initial hydrogen charging of the lattice. A uniform distribution of irreversible
traps is believed to provide a beneficial effect in alloy behavior under embrittling conditions,
by arresting diffusing hydrogen and thus delaying its buildup at the crack sites [61, 84]. When
crack nucleation and growth is along the grain boundaries, boundary chemistry may be
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playing an important role. Various studies on Al-Mg-Zn alloys have indicated that alloying
elements (and in particular Mg) are segregated on the grain boundary. Tuck [85] proposed
that Mg hydride forms at grain boundaries and is responsible for material embrittlement. In an
effort to explain the connection between Mg-H interaction and material embrittlement, Song
et al. [86] recently showed that stress corrosion and fatigue crack growth rates increase with
the concentration of solid solution Mg on grain boundaries. The same authors theoretically
calculated a decrease in the intergranular fracture work with both Mg and H segregation.
Other aluminium alloys that have been studied for hydrogen induced failure are 8090 [87, 88]
and 7050 [86].

Useful insight in the nature and intensity of hydrogen traps can be offered by studying
the temperature needed to break these bonds. Thus, thermal analysis techniques have been
used for a variety of alloys [65, 85]. In particular, thermal desorption has been successfully
used to study hydrogen partitioning in pure cast aluminum and in Al-Cu and Al-Mg,Si alloys
[83] and hydrogen diffusion in Al-Li alloys. Among other findings, these studies show that,
for aluminum alloys, the energy of chemisorption is lower than the energy for lattice
diffusion. Thus, the layer of passive oxide-formed on the surface of aluminum alloys-does not
mask the bulk trapping states, and the results of thermal analysis are meaningful. Accelerated
corrosion tests were recently used by Haidemenopoulos et al. [89] to characterize corrosion
and hydrogen absorption in the less studied but widely used Al-Cu alloy 2024. In [90]
hydrogen evolution from the corroded specimen of Al alloy 2024 was systematically
measured as a function of temperature. The exfoliation test [49] was used as an accelerated
corrosion method, and different exposure times were tested. The existence of multiple
trapping states was verified and the quantity and evolution pattern of hydrogen is discussed.
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Chapter 3 - Experimental
procedures

3.1 Materials Studied

As discussed earlier, the main focus of this research was aluminum alloys belonging to
the 2xxx alloy series, more accurately, 2024 alloy. The material was obtained in plate form,
that had not been anodised and its only surface protection emanated from the thin protective
oxide, which is created when the material is exposed to atmospheric air. Material was
obtained from several suppliers and with varying thickness (1.8, 2.4 and 3.0mm), as displayed
in Table 4. More details about the material are presented in Table 4. The material was
identified as being in the T351 condition. Aluminum alloy 2024 Al-clad was also used in
some of the experiments in order to have comparable results. Alloy 2024 Al-clad is covered
on both sides with a very thin layer of 1230 alloy. This process is called cladding and
provides cathodic protection to the material.

The chemical composition of these materials is displayed below in Table 5 and below in
Table 6 the thermal treatments of the alloys are presented.

Table 4: Thickness of aluminum alloys (Bare: only natural oxide, Alclad: alloy 1230).

Material Thickness Supplier
2024 Bare 1,6 mm Airbus
2024 Al-clad 1,8 mm Airbus
2024 Bare 2,4 mm EAB
2024 Bare 3,0 mm Airbus
6013 Bare 1,6 mm Airbus

Table 5: Chemical composition of alloys of aluminum (%wt.).

Sample | Si Fe Cu Mn Mg Cr Zn Ti

2024 0,50% |0,50% |4,35% |0,64% | 1,5% 0,10% |0,25% | 0,15%
6013 0,25% |0,50% | 0,9% 0,35% | 0,95% |- - 0,10%
1230 0,30% 0,4% 0,1% 0,05% 0,05% - 0,10% 0,03%
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Table 6: Thermal treatments of aluminum alloys.

Material Tetppera?ure Quenching Co}d Tempe.ratflre Thermal
Dissolution rolling precipitation treatment
2024 Bare 495 °C 0°C Yes 25°C (2 days) T3
2024 Al-clad 495 °C 0°C Yes 25°C (2 days) T3
2024 Bare 495 °C 0°C Yes 25°C (2 days) T3
6013 Bare 570°C 0°C - 190 °C (4 days) T6

The labeling scheme used to identify the orientations and planes of the alloys is shown in Fig.
3. 1.

Fig. 3. 1: Labelling scheme used for directions and planes.

3.2 Accelerated corrosion testing

Accelerated corrosion testing that provides a useful simulation of the exfoliation
behavior of these alloys in various types of outdoor service, especially in marine and
industrial environments, was employed. The accelerated corrosion test (EXCO) is described
in ASTM specification G34-90 [49]. It includes exposure at 22°C, for 24 hours in a solution
containing 234g NaCl, 50g KNO; and 6,3ml concentrated HNOj3; (70%wt) diluted to 1 L of
distilled water. The quantity of solution used is proportional to the specimen external surface
area, with the minimum amount required being 10 ml for every cm® of specimen surface and
the maximum 30ml.

Exposure took place in a thermostatic air-bath, with the temperature kept constant at
2240.5°C. Specimen cleaning, after removal from the corrosive solution involved soaking in
concentrated HNO; (70%wt) for 5 minutes, rinsing in distilled water, then in acetone and
thoroughly drying in a purge of warm air. The entire cleaning process did not exceed 10
minutes.

3.3 Microstructural characterization of corrosion

Preparation of specimens-Metallography

All specimens were prepared using classical metallographic techniques. The non-
corroded specimens were cut from the plate of the corresponding material with the use of a
microtom (Struers Accutom). Their size was roughly 0,5 x Iem?. The specimens used for the
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corrosion study were cut from various regions of the plate. Regions were selected from the
centre and the edges of the plate so as to have a better statistical depiction of the corroded
surface. Then the specimens were placed in epoxy resin for easy handling. The surface planes
under observation were the rolling surface and the side surface (LT and LS plane in Fig. 3. 1).
The specimens for metallographic observation were placed in simple epoxy resin (Acryfix)
that stabilizes in atmospheric temperature (20-25°C) in roughly 10 minutes, while the
corroded specimens were placed in a resin that stabilizes under vacuum (vacuum
impregnation). The resin fills the pores, voids and surface abnormalities of the specimen. This
process is essential for the maintenance of pits and microcracks during the next steps of
preparation.

Next the specimens were initially grinded on SiC abrasive wheels. The sizes of grains
were 180, 320, 800 and 1000 grid. Polishing of the specimens followed on special disks with
diamond paste of 3um and 1pm grain size respectively. The last stage of preparation was
polishing with Al,Oj; particles of 0,5um diameter for about two hours. Finally the surface was
chemically etched with Keller’s reagent. This reagent has a chemical composition of: 2,5 m/
HNOs, 1,5 ml HCI, 1,0 ml HF and 95,0 ml HO. The time of exposure in Keller’s was a few
minutes. Finally the specimens were washed with distilled water and alcohol and dried in a
purge of warm air [91].

Atomic Force Microscopy (AFM) of Corroded Specimens

Use of AFM (Atomic Force Microscopy) constitutes the most modern methodology
for the study of surfaces of all types of materials (metals, ceramics, and complex materials). It
provides the possibility of studying surfaces with dimensions up to 1lmm x Imm, with
magnifications of their topographic configuration up to x300.000. The acquisition of three-
dimensional images of the examined surfaces is possible with the help of a computer.

The AFM senses repulsive contact forces between a fixed flexible microcantilever and
the surface of the sample. The Z motion of a silicon nitride tip is monitored in height mode by
mounting the sample on an X~Y-Z piezoelectric tube scanner. The tip of the sensor is placed
on an isolated cantilever, which has a low spring constant (~0.1-1 N/m) and diverts as a
reaction to the forces exercised between the tip of the cantilever and the specimen. The AFM
microscope uses the technique of beam laser reflection for the control of force. As AFM
allows the depiction of conductible and not conductible surfaces directly in laboratory
atmosphere, the preparation of surfaces is a relatively easy work. For the revelation of very
small particles however sometimes the chemical attack and the polishing of surfaces is
essential, so the surface that will be prepared is level enough so that it reduces the particles
(the medium roughness of the surface should be smaller than the length or the width of
perticles). The roughness can be determined easily from the AFM depictions. AFM
topographies were acquired with a Topometrix Explorer Atomic Force Microscope, equipped
with a hardware-linearized 100um, x, y-scanner (z-range 10um) or an X, y-scanner 2um (z-
range 0,8um). Pyramidal tips made of silicon nitride (Topometrix, 1520-00) and silicon
(Topometrix, 1660-00) was used in the non-contact mode. Different areas of every specimen
were scanned (10 to 15 images per specimen were acquired). The images were captured and
section analysis data for each image was obtained. These data provided essential information
on the surface morphology, i.e. on changes of the surface roughness, accurate measurement of
the area and depth of corrosion pits. Changes on the surface of the materials were quantified
and recorded according the exposure time to the exfoliation test. Curves of surface data
(depth, density and area of pits) were plotted as to the exposure time. Three-dimensional
representation of pits and microcracks was possible.

Corrosion was investigated with AFM in order to characterize the early stages of
corrosion and cracking. Specimens 50mm wide and 80mm long were cut at right angles to the
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rolling direction and were exposed to the exfoliation test, according to the ASTM G34-90
specification. The exfoliation experiments were conducted with specimens exposed to the
corrosive solution from 15 min up to 4 hours. After the corrosion process specimens were
cleaned and surface topography recorded. For AFM investigations a lem? large piece was cut
from the same position in the centre of the sample and glued on the sample holder. In order to
obtain statistically relevant information accounting also for large scale inhomogeneities in the
initial surface morphology and in the etching behaviour, the macroscopic location on the 2024
sample chosen for imaging was systematically varied. Typically, on each sample 10-20 AFM
images of different sizes were recorded at 2 or 3 different locations, separated by lateral
distances of several hundred micrometers.

After polishing follows the chemical attack with Keller’s reagent as it has already
been described in Chapter 3. AFM is a very environmentally sensitive technique. Certain
problems arose during specimen imaging following chemical attack. First of all chemical
attack with Keller’s reagent is in all respect a corrosion process, which leads to massive
corrosion products deposited on specimen surface. These products form a very thin film that
makes it impossible for the AFM tip to approach the surface. This layer should be removed so
the following steps were taken. The specimen was repolished, attacked for a second time with
Keller’s [91] and polished in the last stage with 0,05um Al,Os in water. Finally the specimen
was rinsed with Nital 1% (1% HNOj; in alcohol) and dried.

Scanning Electron Microscopy (SEM)

Fractographic analysis was performed to tensile specimens provided by tests
performed in the University of Patras'. Fractographies were acquired with a Jeol Scanning
Electron Microscope in the secondary electron mode with an accelerating voltage of 25 KV.
The scope of this work was to investigate fracture surface appearance in order to determine
the crack initiation site as well as the mode of fracture. As both corroded and uncorroded
specimens with different tempers were examined the difference in mode of fracture was
correlated with corrosion, microstructure and heat treatment.

The outcome of the fractographic analysis was also combined with the hydrogen
content measurements and the degradation of the mechanical properties (especially ductility)
and provided evidence of possible hydrogen embrittlement.

Following exposure in the corrosive environment described above, the corroded
tensile specimens were subjected to tensile testing. The test series performed included: (i)
tensile tests on uncorroded specimens to derive the reference tensile behavior of the material,
(ii) tensile tests on specimens subjected to accelerated corrosion tests, (iii) tensile tests on
specimens exposed to the corrosive environment for different exposure times to determine the
gradual tensile property degradation during corrosion exposure in accelerated laboratory tests
as well as in atmospheric(natural) environment, and (iv) tensile tests on specimens subjected
to corrosion exposure and then to removal of the corrosion- affected surface layer by
machining in order to investigate whether the corrosion-induced tensile property degradation
i1s volumetric. The tensile tests were performed according to ASTM E8m-94a [92]
specification. For the tests a 200 KN Zwick universal testing machine and a servohydraulic
MTS 250 KN machine were used. The deformation rate was 10 mn-ilmin. The tensile tests
were conducted in the University of Partas.

After the tensile tests were conducted the failed specimen were cut and the fracture
surface placed in the SEM microscope mention above for examination. The study of the mode
of fracture correlated with the corrosion results and the hydrogen measurements will lead to a
spherical understanding of hydrogen embrittlement.

! Tensile and fatigue tests were performed in the University of Patras by Professor Pantelakis and his team.
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The preparation of specimens for observation with SEM in divided in two different
approaches:
(a) observation of the corroded surface immediately after corrosion
(b) observation of the fracture surface of tensile specimens

In the first case immediately after corrosion the specimens were immersed in
concentrated nitric acid (70%) for 5 minutes, in order to remove the corrosion products
deposited during electrochemical action. Finally they were dried in a purge of warm air. After
the surface cleaning from the products of corrosion, the specimens are cut in the suitable size
(2x2 cm?) in Struers’ Accutom, using very low cutting speed. For the observation in SEM it is
essential that the conductivity of specimens during observation is ensured, therefore the
specimens were affixed on the special specimen holder with graphite paste. Then they are
placed in the vacuum chamber of the microscope for the observation.

In the second case after cutting to the appropriate size, fracture samples were placed in
a ultrasonic bath of alcohol and water and then dried.

3.4 Hydrogen measurements

A main part of this thesis consists of the determination of hydrogen concentration and
it's trapping states in the material after corrosion. The determination of these states was
conducted by using a thermal desorption technique.

The scope of this process was to measure the amount of hydrogen eluting from
specimens previously subjected to various periods of exfoliation corrosion exposure as a
function of temperature. Strips of the materials, 2.0mm wide and 25 mm long, were be cut at
right angles to the rolling direction and were exposed to exfoliation corrosion. The large
surface to volume ratio of the specimen was chosen with a view to decreasing the hydrogen
evolution time and increasing the sensitivity of the measurements. The exfoliation accelerated
corrosion test is described in ASTM specification G34-90 as is mentioned above in 3.2.
Hydrogen evolved from the corroded specimen with controlled heating in an inert atmosphere
and was measured using a gas chromatograph.

For the determination of hydrogen quantity trapped in the material’s microstructure an
in-house experimental setup was used. This setup consists of a furnace with a system of
automatic temperature control, a supply of inert gas (high-purity nitrogen) and a gas
chromatograph equipped with a valve for sampling gases as is shown in Fig. 3. 2. The sample
was placed in a 10 mm diameter quartz tube and held in place by an inert porous diaphragm,
permeable to the gas (quartz wool). The tube was inserted in the furnace and subjected
throughout the experiment to a flow of Q=20ml/min high purity nitrogen. This flow was then
driven to a gas chromatograph equated with a TCD detector. Calibration runs were performed
using standard H, — N, mixtures, of volume concentration 1000 and 10000 ppm. Blind
experiments were conducted with an empty tube heated up to 600°C and no hydrogen was
detected. The temperature of furnace was increased at a rate of approximately 5° C/min and
the nitrogen current swept along everything that was emitted by the sample and carried it in
the gas chromatograph. The sampling was performed manually through the gas-sampling
valve about every 2 minutes.

Primary data consist of curves of the intensity, I, of TCD detector signal (in uV)
versus time, combined with the temperature history of the specimen. Detector intensity is
converted to hydrogen mass flow rate, m, by the expression

m=alQ
where o has units of g of Hy/(ml pV). It is the calibration constant of the detector expressing
the mass concentration of hydrogen per uV indication of the detector. During the present PhD
work, a small deterioration of the accuracy of the detector was witness, which was taken into
account in the data.
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The results reported in the next section are presented as hydrogen mass flow rate (in
pg/min) versus specimen temperature. If the heating rate is sufficiently low, each trapping site
produces an independent peak. The temperature of the onset of peak growth is characteristic
of the energy needed to release hydrogen from the respective trapping site. Thus, low
temperature peaks are related to weakly bonded hydrogen and high temperature peaks to
strongly bonded hydrogen. Calculation of the total hydrogen quantity in each trapping site 1s
performed by integrating the area under the respective peak.

3.5 Microhardness testing

Microhardness testing versus temperature simulating the thermal desorption spectrum
of hydrogen trapping was performed. Specimens of dimensions 5x10mm?* were cut out of
2024 plate. The small size of the specimen was necessary for the uniform transport of heat
into the sample during thermal treatment. Two sets of specimens were fabricated. The first set
was corroded in the Exco solution (exfoliation corrosion test), for 24 hours, cleaned according
to the ASTM specification mentioned above and placed in the furnace, which was used, for
the thermal desorption experiments. The furnace was heated with a rate of 5°C/min up to 550°
C. Every 50°C a specimen was removed from the furnace and quenched in iced water. This
heat treatment can be described as escalating solution treatment for the temperatures 50, 100,
150, 200, 250, 300, 350, 400, 450, 500 and 550°C After cleaning and grinding of the corroded
material, the specimen’s microhardness was measured (10 counts per specimen).

The second set of specimens was not corroded. After cutting the specimen were
cleaned and submitted to the same thermal treatment as the first set. Then they were cleaned
slightly polished and their microhardness measured.

The outcome of this experimental investigation was microhardness profiles as a
function of heat treatment temperature. The curves were compared with the corresponding
thermal desorption spectrum. Changes in the microhardness profile of the material depict
changes in the alloys microstructure, which were caused by the admission of hydrogen into
the material. These results are used in conjunction with the thermal desorption curves
described above to correlate hydrogen content with changes in microstructural properties.
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Fig. 3. 2: Gas Chromatography experimental setup.
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Chapter 4 — Corrosion and
hydrogen embrittlement

4.1 Microstructural Characterization of Corrosion

Objective
The objectives of the microstructural characterization are the following:
e To assess the corrosion damage in terms of pitting, intergranular corrosion, exfoliation and
depth of attack
e To determine possible pathways of hydrogen entry in the material during corrosion as well
as to investigate potential microstructural sites for hydrogen trapping
As explained in the preceding chapter several optical and electro-optical characterization techniques
were used in order to assess the corrosion damage at varying microstructural levels. Surface
damage, particularly in the early stages of corrosion, were examined by AFM, while at longer
exposure times SEM investigations were employed. Intergranular corrosion, exfoliation attack and
hydrogen pathways were assessed with metallographic sectioning. Potential sites for hydrogen
trapping were investigated by means of TEM in uncorroded material.

Evolution of corrosion damage

The as-received material is exposed in the EXCO solution, cleaned and examined in the
AFM or SEM according to the techniques described in the previous chapter.
It is important to start with the very early stages of corrosion damage in order to determine weather
corrosion starts as pitting or uniform corrosion. Atomic Force Microscopy proved to be very helpful
due to the high magnification, high resolution and 3D topographic imaging capability, which
enabled a more quantitative assessment of corrosion damage.

Uncorroded material

A representative 3D surface topography of uncorroded but metallographically prepared
(ground, polished and etched) 2024-T3 is shown in Fig. 4. 1, which depicts the LS plane of the plate
in a 100x100um scan. The grain structure is made evident by the selective attack of grains (due to
different orientation) from the Keller’s reagent used for etching. Voids are also present at the grain
boundaries or inside the grains. They are formed probably due to the removal of inclusions or
second-phase particles during specimen preparation. In order to characterize these voids, a line
profiling technique was used. Fig. 4. 2 depicts a 2D image of the surface and the position of two
line scans. These scans are presented in Fig. 4. 2a and Fig. 4. 2b respectively. The line scans are
obtained by moving the AFM tip selectively over the prescribed path while measurements in the z-
direction are possible. The line scan in Fig. 4. 2a is over two voids in the grain interior. The voids
have lateral dimensions 8x4um and depth of the order of 1pm (8§00nm), while they possess a level
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Fig. 4. 1: Tree-dimentional depiction of alloy 2024-T3microstructure (LS plane).

bottom topography. The voids at the grain boundaries (Fig. 4. 2b) are more equiaxed possessing a
rhomboidal shape of roughly 4pm lateral dimension with a depth of the order of 2um (1800nm).
Obviously the voids at the grain boundaries belong to particles of different shape and probably
composition from those present in the grain interior. These particles would play an important role in
the corrosion process as they would act as anodic or cathodic sites, depending on their composition.

A representative 3D surface topography of the LT plane (rolling plane) just prior to accelerated
corrosion exposure is shown in Fig. 4. 3 for the 2.4mm thickness material and in Fig. 4. 4 for the

3mm thickness material. The specimens are in the as-received condition and have been cleaned by
acetone. Linear depressions parallel to the rolling direction are present. These depressions can reach
a width of 26-30um and a depth of 0.5 to 2um. In the interior of the depressions the surface exhibits
a ridge-like morphology with an average ridge height of 100nm. The surface between the
depressions is more or less flat. It is believed that the depressions have formed due to the rolling
operation. In the 3mm material (Fig. 4. 4) there is evidence of pitting along the depressions, while
corresion products have been deposited close to the corrosion pits. This leads to an indication that
the as-received 3mm 2024-T3 alloy might have been exposed for a long time outdoors, before
shipment, and therefore experienced some degree of atmospheric corrosion.
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Fig. 4. 2: Two-dimensional depiction of the microstructure of alloy 2024-T3 (LS plane) with line scans.
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(c)
Fig. 4. 3: AFM topographies of as received aluminum alloy 2024 2.4mm LT plane. (a) Through (¢).
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Fig. 4. 4: AFM topographies for the as received aluminum alloy 2024 3mm, LT plane. (a) through (f).
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15min EXCO

The surface after 15 min of EXCO exposure seems quite flat. The surface roughness is low
with Ra and RMS being 102 and 126 nm respectively. A characteristic topography is shown in Fig.
4. 5 which depicts the rolling marks in an otherwise flat surface. However certain areas of the
surface show the development of a network of surface cracks (Fig. 4. 6b,c). Closer examination
revealed that this crack pattern is due to the spalling of the oxide film, which forms on the surface
of the alloy. In most cases there are corrosion products close to the surface cracks (Fig. 4. 7a) and in
other cases fragmentation of the oxide film has taken place and flakes have been removed (Fig. 4.
7b). The cracks are V-shaped and have a depth of 300nm (Fig. 4. 8 arrow A) The corrosion
products form lips along the cracks with a maximum height of 100nm relative to the adjacent flat
surface (Fig. 4. 8 arrow B). Examination also revealed the beginning of pitting corrosion (Fig. 4. 8
arrow C). These pits have a depth of 600nm and form mainly at surface crack intersections and
triple junctions. So it seems that the corrosion activity starts early, even after only 15min exposure
time It causes cracking and spalling of the surface oxide and initiates the pitting process.

30min EXCO

After 30 min exposure the rolling marks are still quite clear (Fig. 4. 9b), however the surface
roughness has increased to Ra=131 and RMS=179nm (Fig. 4. 9d). Pitting is more pronounced and
seems to form on the rolling marks (Fig. 4. 9a) or on other surface defects. Pit density has increased
and pit depth ranges from 500 to 800nm (Fig. 4. 9¢). Corrosion products, in the form of hills, are
deposited throughout the surface.

lhour EXCO

After 1 hour exposure the rolling marks have almost worn away (Fig. 4. 10) Roughness has
increased further to Ra=183 and RMS=250nm. Pitting density has increased and the pits grow
deeper. The average pit depth varies from 1 to 2.6um. A new feature is the grouping of pits, i.e pits
that zrow close to each other coallesce and form a larger corrosion area. Deposition of corrosion
products on the surface has ceased.

2hours EXCO

After 2 hour exposure, no rolling marks exist on the surface and the roughness has stabilized
to Ra=148 and RMS=195nm. New corrosion pits initiate allover the surface. Pit depth has ceased to
increase. However pits that formed at earlier times grow in diameter and lose their steepness, while
the clustering of pits is enhanced (Fig. 4. 11). A new feature is corrosion along lines that connect
pits (Fig. 4. 11c). This is a form of pit-to-pit interaction and leads to the initiation of intergranular
corrosion. This argument will be further discussed with the aid of metallographic sections later in
this chapter.

4hours EXCO
After 4 hours exposure the roughness increases again to Ra=207 and RMS=272nm.Pit depth
varies from 1 to 3um. Pit clustering and pit-to-pit interaction (Fig. 4. 12) are again visible, signaling

the onset of intergranular corrosion.
The observations from the AFM, regarding the early stages (15min-4h) of corrosion are

summarized in Table 7.
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Fig. 4. 5: Alloy 2024-T3 (LT plane), 15min in the corrosive solution exco (Characteristic rolling ridges).
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Fig. 4. 6: Alloy 2024-T3 (LT plane), 15min in the corrosive solution EXCO
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(c)

Fig. 4. 7: Alloy 2024-T3 (LT plane), 15min in the corrosive solution EXCO. Fragmentation and spaling of
surface oxide.
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Fig. 4. 8: Alloy 2024-T3 (LT plane), 15min in the corrosive solution EXCO. 3D depiction of corrosion,
Initiation of pitting (arrow C) corrosion (50x50pm).
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Fig. 4 9: Alloy 2024-T3 (LT plane), 30min in the EXCO solution (a) and (b) different areas (130x130um),
(c) and (d) magnification of previous topographies (30x30um).
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1%

Fig. 4. 10: Alloy 2024-T3 (LT plane), lhour in the corrosive solution EXCO (a). Three-dimensional
magnification of previous picture (b). (c) and (d) are line scans.
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Fig. 4. 11: Alloy 2024-T3 (LT plane), for 2 hours in the corrosive solution EXCO (a), (b), (c) and (d).
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Fig. 4. 12: Alloy 2024-T3 (LT plane), for 4 hours in the corrosive solution EXCO.

AFM was used to assess corrosion damage in the early stages (up to 4 hours) of attack. Beyond that
time stereoscopic analysis and SEM were employed. The evolution of corrosion damage with
exposure time as observed with the stereo-microscope is depicted in Fig. 4. 13. For 2 and 4h of
exposure time the damage observed with the AFM is not resolved with the stereo microscope.
Surface damage becomes evident from 8h and beyond. The dark areas in the photos are pit clusters.
These clusters grow in size with exposure time and above 48h of exposure cause exfoliation.

Areas of isolated pitting were examined with the SEM. The evolution of pitting with
exposure time is shown in Fig. 4. 14 from 8§ to 96h exposure time. It is evident that pitting density
increases with exposure time. In addition to the general increase of pitting density, other
interactions take place as well. Pit-to-pit interaction is evident from 8h of exposure and becomes
more intense at higher exposure times (Fig. 4. 15). At high exposure times pit coalescence and
secondary pitting within the primary pits develops (for example see Fig. 4. 15 for 36h exposure
time).

Table 7: Summary of AFM observations on the early stages of EXCO corrosion.

. 5 Roughness (nm) :
Exposure time | Pit depth (um) : : Comments
P pth (pm) ' Ra RMS |
Uncorroded ERollmg mfelrks with rldge. morphology. Evidence ¢
, icorrosion in the 3Imm material.
15min 0.6-0.8 . 59 75 Oxide cracking and spalling. Initiation of pitting.
30min 0.5-0.8 131 179 ,EPit density increases. Pits become deeper and steeper.
1hour 1.0-2.6 i 183 250 [Pits become deeper. Pit clustering.
{Pit broadening. Enhancement of pit clustering
2hours 1.0-2.6 148 195 |Initiation of pit-to-pit interaction leading to I(
', icorrosion.
4hours 1.0-3.0 207 272 éR‘oughn'es_s increase. Pit clustering and enhancement ¢
. ;pit-to-pit interaction.
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Metallographic sections were also prepared and examined in order to determine the depth of
attack with exposure time. Fig. 4. 16a depicts the corrosion damage for 8h of exposure time. Pitting
on the LT (rolling) plane reaches a depth of 0.3mm, however corrosion is more intense in the mid-
plane of the LS plane (side surface) as shown in Fig. 4. 16 b. At 12 h of exposure time, corrosion
spreads on the LT plane without further penetration in depth (Fig. 4. 17). However this spreading is
moving beneath the surface of the material and causes exfoliation of surface layers. The exfoliation
process becomes more intense with the increase in exposure time. Fig. 4. 18 shows the corrosion
attack after 24h of exposure, where significant material removal has taken place (Fig. 4. 18ab). The
subsurface spreading of corrosion damage proceeds with interganular corrosion as shown in Fig. 4.
18c. Similar corrosion damage development is observed at higher exposure times as shown in Fig.
19. 20, 21 and 22 for 36, 48, 72 and 96h exposure respectively.

The above observations from the AFM, SEM, Stereo-microscope and Metallographic
sections lead to conclusions regarding the evolution of corrosion damage with exposure time.
Corrosion starts in the form of isolated pits. In the first 4h of exposure pits deepen and grow
laterally. Pit density increases and pit-to-pit interaction starts. Pits interact via intergranular
corrosion (see for example Fig. 4. 12). This leads to pit coalescence and pit cluster formation. Pit
clusters grow laterally beneath the material surface via intergranular corrosion, leading to
exfoliation of surface layers of the material. This type of damage evolution, more specifically the
intergranular network supporting pit growth is also responsible for the transport of corrosion
solution deep in the material, so that the corrosion reaction takes place in a certain depth producing
hydrogen. This is one of the main mechanisms of hydrogen transport in relatively high depths,
which cannot otherwise be explained solely by diffusion from the material surface. However once
hydrogen is produced, e.g. at the bottom of a corrosion pit (for example see Fig. 4. 17¢) it diffuses
to the adjacent unaffected material and establishes a hydrogen diffusion zone below the corrosion
zone

The depth-of-attack is defined as the maximum depth the corrosion front has reached within
a certain exposure time. For 24h exposure the depth-of-attack is about 350um as shown in Fig. 4. 28
and Fig. 4. 29.

Institutional Repository - Library & Information Centre - University of Thessaly
02/06/2024 21:22:26 EEST - 18.218.128.103



Helen Kamoutsi Chapter 4 — Corrosion and hydrogen embrittlement 56

Snum

(2) (h) (i)
Fig 4 13 Stereo photography of Alloy 2024 (LT plane), exposed m EXCO for 2 to 96 hours (details in the text,
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Fig. 4. 14: SEM topographies of Alloy 2024 (LT plane), exposed in EXCO for 2 to 96 hours (details in the text).

Institutional Repository - Library & Information Centre - University of Thessaly
02/06/2024 21:22:26 EEST - 18.218.128.103



Helert Kamoutsi Chapter 4 — Corrosion and hydrogen embrittlement 58

’i‘}?f«,«g%

e é

25kY Xi,.%08

«»;{z ( /%\/\ ,g;?}*&\ o«
iy
fw <,m y
o
R
‘“Wif@&
S’«(’?‘{ﬁ

s,

(e)

Fig. 4. 15: SEM topographies of Alloy 2024 (LT plane) exhibiting pit-to-pit interactions and pit clustering
exposure in EXCO for the indicated times.
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Fig 4. 16 Alloy 2024, 8 hours EXCO exposure
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Fig 4. 17- Alloy 2024, 12 hours EXCO exposure
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Fig 4 18 Alloy 2024, 24 hours
EXCO exposure
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Fig. 4. 20: Alloy 2024, 48 hours EXCO exposure. Spreading of corrosion beneath surface by intergranular corroc
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Fig. 4. 21: Alloy 2024, 72 hours EXCO exposure. Spreading of intergranular corrosion and exfoliation.
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Fig. 4. 22: Alloy 2024, 96 hours EXCO exposure. Spreading of corrosion .Beneath the surface by intergrai
corrosion leading to exfoliation.
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4.2 Hydrogen penetration in 2024

Objective
The objectives of the hydrogen measurement are the following:
e To determine the amount of hydrogen entering the material during corrosion
e To identify different trapping states and infer from their thermal characteristics the
microstructural origin
e To measure the depth of hydrogen penetration and relate it to the depth of corrosion
attack
The experimental setup for the thermal hydrogen desorption method was described in the
previous chapter. Here, the measured hydrogen evolution spectra will be presented and
discussed, and some details —pertinent to the reliability of the method— will be noted.

Hydrogen evolution spectra

A plot of hydrogen flow rate in the purge stream versus temperature is shown for
some representative cases in Fig. 4. 23. The pattern of hydrogen evolution is a strong function
of specimen’s temperature. This is an indication of a material with multiple trapping sites
with different strengths. The curves in Fig. 4. 23 correspond to specimens with varying
exposure time to the exfoliation solution (from 2h up to 96h). It is evident that the quantity of
hydrogen increases drastically with the exposure time. Fig. 4. 24 is a magnification of they-
axis and indicates that a similar dependence on corrosion exposure time also holds for the
low-temperature part of the spectrum.

Multiple peaks are observed, in agreement with the experiments of Charitidou et al
[93] and are attributed to different trapping states. The onset of the peaks labeled as T2, T3,
and T4 occur at 200, 410, and 500°C, respectively. These represent critical temperatures
below which no hydrogen evolution from the respective states is observed, even if the
specimen is exposed to a constant, lower temperature for an extensive time period. According
to Pressouyre [63], the existence of a critical temperature classifies states T2, T3, and T4 as
irreversible. Trapping state Tl is found to release hydrogen continuously at lower
temperatures. Thus, T1 is considered a reversible trap. This trap corresponds to the low
binding-energy state reported by Haidemenopoulos et al. [89], who observed hydrogen
evolution with mild heating of corroded Al 2024.

Total quantity of hydrogen in each trapping state is estimated by integrating the
original concentration versus time data to calculate the area under each peak. Results for the
four peaks are shown in Fig. 4. 25 (a, b, ¢, and d), where the amount of hydrogen (expressed
in pg H relative to the specimen weight-) is plotted as a function of exposure time in the
exfoliation solution. The three strong traps T2, T3, and T4 share common features. Linear
increase of the amount of hydrogen with exposure time is initially observed followed by
asymptotic approach to a constant value. This behavior is reminiscent of a saturation process
by depletion of available active sites.

State T4 reaches a plateau concentration of 269ug after -35 h exposure in the
exfoliation solution, while states T2 and T3 saturate at concentrations 8 and 76 ug,
respectively, after the elapse of -60 h. The fact that hydrogen desorbs from state T4 at the
highest temperature of all identified trapping states indicates that T4 is energetically favored.
The fact that this is the first state to become saturated further supports the above result.
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Microstructural origin of trapping states

Even though the method of thermal analysis that was used in the present study does not allow
direct identification of the trapping states, various conclusions can be reached, by correlating
the measured hydrogen evolution temperatures to the structural characteristics of alloy 2024-
T3 and to information from the literature.

As far as T1 is concerned it was noticed that whenever, after the exfoliation corrosion, the
specimen was kept in a room temperature for several days and then measured for hydrogen,
the trapping site T1 had vanished. This means that this state is not temperature sensitive and
requires very low activation energy. The amount of hydrogen in the T1 state (increases
lirearly with exposure time, and no saturation is evidenced up to an exposure of 120 h in the
exfoliation solution. Since it is the lowest energy state observed, T1 could in principle be
associated with adsorbed hydrogen. However, in aluminum alloys the energy of
chemisorption is lower than the migration energy and no peak should appear. Given the fact
that T1 is a low-energy state and-when compared to the other states -relatively unsaturable, it
would appear that this trapping state is related to hydrogen at interstitial sites. Hydrogen is
bended very near the surface of the material. It is the last hydrogen produced from the
chemical reaction of corrosion that did not have enough time to diffuse in the bulk of the
material. In this state hydrogen is trapped in microcracks along grain boundaries, resolving
from the intergranular corrosion of the material during its stay in the Exco solution, as is
described in the model discussed earlier The continuous increase in the amount of hydrogen
with exposure time to the exfoliation solution is attributed to the creation, by the corrosion
process, of new penetration paths for hydrogen (intergranular cracks and surfaces), as
reported by Haidemenopoulos et al. [89].

On the contrary, traps T2, T3, T4 exhibit higher activation energies for the release of
hydrogen. This means that hydrogen has diffused further into the material and has formed
powerful bonds that are harder to break. Trapping state T2 is an intermediate energy state that
saturates with relatively little hydrogen. A possible physical origin of this trap is the interface
between the Mg,Si precipitate and the matrix lattice. The Mg,Si precipitate is incoherent with
the matrix and the interfacial dislocations that exist around it can trap hydrogen. This has been
shown by Saitoh et al. [83], using tritium autoradiography.

The critical temperature of 410 °C, below which no hydrogen evolves from state T3,
compares favorably with the thermal decomposition temperature of MgH; as reported by
Tuck [85] (450 °C with a heating rate of 50 °C /min, which should bias the peak to higher
temperature). Thus, trapping state T3 could tentatively be associated with Mg hydride. It has
been noted by Saitoh et al. [83] that Mg is bonded to Si by a strong ionic bond that precludes
formation of MgH,. However, Mg content in the 2024 alloy presently tested is in roughly
40% excess over the stoichiometric analogy with Si and-if saturated-results in a 500-ug
concentration of hydrogen. This estimate compares favourably with the plateau of 300 pg
shown in Fig. 4. 25¢
The critical temperature of 500 OC, which marks hydrogen evolution from state T4, coincides
with the dissolution temperature of the Al-Cu precipitate, as calculated by the computational
alloy thermodynamics software ThermoCalc [94]. Thus, trapping state T4 could be associated
with this phase. Indeed, it has been demonstrated by tritium autoradiography {83] that the
bulk of the 8 precipitate can serve as a hydrogen trap.

Depth of hydrogen penetration

Experiments were performed in order to estimate the depth of hydrogen entry during
corrosion of Al-alloy 2024-T3. This depth defines the “hydrogen affected zone”, whose extent
will be set in perspective with the corrosion zone and will later help interpret the fracture
behavior of the alloy. Five identical specimens from the 2.4 mm thick plate were exposed to
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the EXCO corrosion test for 24 hours. The first specimen was measured for H, immediately
after cleaning, while the others were ground on all six sides by 50pm, 100um, 200pum and
350um respectively.

Results of H; evolution as a function of temperature for the above specimens are

depicted in Fig. 4. 26 . Measurement of an uncorroded specimen is included for comparison.
The results indicate the expected decrease in hydrogen content with depth. However, it is
interesting to note that the amount of H, remaining after removal of 350 um from a corroded
specimen is significantly higher than the amount measured in the uncorroded specimen. Thus,
we conclude that the hydrogen-affected zone extends beyond a depth of 350um.
The total amount of hydrogen evolving from the above specimens is found by integration of
the data. The outcome is shown in Fig. 4. 27 and confirms the above conclusion. A reasonable
estimate of the depth of hydrogen penetration, based on these data, is 400-500 um. The
resulting diffusion coefficient is D=1-2x10"" m?/s, which is in the correct order of magnitude
for volume diffusion in Al alloys.

The extent of the hydrogen-affected zone should be compared to the depth of
corrosion attack, in order to. To this end, multiple metallographic sections of corroded
specimens were taken. Pictures representative of deepest penetration are shown in Fig. 4. 28
for the 2.4 mm plate and in Fig. 4. 29 for the 3.0 mm plate. It is evident that corrosion is not
uniform. In particular, both figures indicate that the side-surfaces of the specimens are more
prone to attack than the rolling surfaces (In Fig. 4. 29, side surfaces are the top and bottom
ones). Deepest penetration occurs at the middle plane (parallel to the rolling surfaces), and
may be explained from the fact that the plates are rather thick and quenching of the middle
region during production is not as rapid as desired.

However, the most important conclusion from the metallographic sections is that the
penetration of the corroded zone is insignificant beyond 350 pm. Thus, the deterioration of
mechanical properties and the appearance of hydrogen, in specimens from which 350 um of
material has been removed from all sides, cannot be attributed to the corrosion layer but must
be a diffusion effect.

The picture that emerges is that a hydrogen-affected zone is formed below the
corrosion zone. During corrosion, there is continuous progression of the zone boundaries: thus
hydrogen-affected material becomes corroded (possibly releasing the trapped hydrogen),
while new material is affected. We also note that, because of the non-uniform shape of the
corrosion zone, hydrogen-rich material is removed, together with corrosion products, during
grinding. Thus, the amounts of hydrogen measured stem mostly from the deeper regions of
the affected zone.

The role of specimens cleaning in the reliability of hydrogen
measurement

The quantitatively reliable investigation of hydrogen uptake during corrosion demands
caution. For example corrosion attack should be done in a temperature regulated environment
(+/- 0.5° C). Otherwise, variations in ambient temperature affect the speed of corrosion
reactions and lead to poor reproducibility.

An additional concern has to do with the origin of detected hydrogen. More
specifically, we need to confirm that the hydrogen measured by heating of the corroded
specimen is eluted from the interior of the specimen and not produced by surface reactions. A
potential source of surface hydrogen production is the decomposition of water contained in
hydrated corrosion products, which have deposited on the specimen. Thus, careful cleaning of
the specimens after completion of corrosion and before hydrogen measurement is necessary
for complete removal of corrosion products.
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After consideration of standard specifications, the following two cleaning methods
were selected for testing:

(a) Soaking for 10 min in concentrated HNO3, rinsing in distilled water and drying in air
(method A).

(b) Soaking for 15 minutes in 30% HNO3, then pickling for 1 minute in 5% NaOH at 80°C
and finally washing in acetone and drying (method B, suggested by Airbus).

Both cleaning procedures were tested, but method B appeared to be inappropriate for
the present investigation and was abandoned. More specifically, it led to excessive weight
loss, which resulted from the removal of relatively large amounts of uncorroded material
(observed visually). As a consequence, it gave irreproducible measurements of hydrogen
evolution for specimen subjected to the same corrosion history, because part of the trapped
hydrogen was contained in the material removed during cleaning.

The remaining candidate cleaning method A was further tested for possible
interference with hydrogen uptake. Thus, multiple uncorroded specimens were measured for
hydrogen, some of them as received, others just washed with acetone and others cleaned
according to method A. The results proved totally insensitive to the treatment, as indicated
from the representative data of Fig. 4. 30. Based on the above assessment, method A was used
in the rest of the present investigation.
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Fiz. 4. 23: Desorption of H; in specimens of aluminium alloy 2024-T3 for continuous heating up to
600 °C. Thickness of material 1,8 mm.
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Fig. 4. 24: Magnification of Previous Figure in the region up to 1.0 ugH,/min.
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Fig. 4. 30: Hydrogen in Uncorroded Specimen of 3mm (b).
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4.3 Microhardness measurements

The hydrogen uptake and trapping spectra presented in the previous paragraphs
provide some clues about the trapping states based on the temperatures where hydrogen
desorption is activated. However during the thermal desorption test, the material undergoes
microstructural changes due to heating. These changes can be monitored with hardness
measurements and the comparison between corroded and uncorroded material should
determine any differences that can be attributed to hydrogen uptake.

As described in Chapter 3 (Experimental Procedures) two sets of specimens (corroded
EXCO 24h and uncorroded) were subjected to the thermal desorption cycle (heating up to
500°C with a heating rate of 5°C/min. Every 50°C temperature rise a specimen from each set
was removed from the furnace and quenched. In the corroded set of specimens the corrosion
layer was mechanically removed before the hardness measurement.

The results of the measurements appear in Fig. 4. 31 together with the corresponding
hydrogen spectrum for 24h EXCO. The hardness of the uncorroded (bare) material generally
decreases with temperature up to 400°C due to overaging (a slight increase at 250°C is
attributed to a secondary ageing peak), while it rises again above 400°C due to dissolution and
reprecipitation. The corroded material exhibits a similar behavior in general. However there
are two distinct differences in the hardness values. The corroded material appears softer than
the uncorroded up to 300°C and harder above 350°C. The first temperature region
incorporates states T1 and T2. Hydrogen in the T1 state is trapped in interstitial sites and
dislocations while T2 hydrogen is trapped at particle/matrix interfaces. Recent research
indicated that hydrogen might aid dislocation motion by altering the binding energy between
dislocations and solute atoms [95, 96]. On the other hand hydrogen at matrix/particle
interfaces might alter the interaction energy between dislocations and particles for coherency
hardening in a way similar to that proposed for lattice dislocation. The result is that hydrogen
in T1 and T2 states probably aids dislocation motion in overcoming either the lattice
resistance or semicoherent particle resistance and the corroded material appears softer.

The second temperature region (above 300°C) incorporates states T3 and T4. T3
hydrogen is trapped in Mg hydride formation, while T4 hydrogen is trapped in the main
hardening phase (6 or S). It is apparent from Fig. 4. 31 that hydrogen affects the dissolution
and reprecipitation process or even the overaging (coarsening) process in the alloy and the
corroded alloy appears harder. However more work is needed to clarify this behavior.
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Fig. 4. 31: Microhardness profile versus temperature for alloy 2024.
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4.4 Fractography of tensile specimens

The experimental measurements presented in the previous paragraphs established the
following conditions:

e The depth of corrosion attack for 24h EXCO is of the order of 350um

e There is a hydrogen profile in the hydrogen-affected zone, which extends beyond

350um. The amount of hydrogen remaining after removal of the 350um corrosion
layer is significantly higher than the amount of hydrogen in the uncorroded material

The above results indicate that a hydrogen diffusion zone should exist just below the
corrosion layer. In case this was true, it should reflect on the mechanical properties. Thus it
was decided to carry out tensile tests in order to determine the tensile elongation, as a measure
of ductility and to correlate these results with fractographic analysis of the fracture surfaces of
the tension specimens. The tensile experiments were conducted by the Laboratory of
Technology and Strength of Materials of the University of Patras and are described in [97].
The following conditions were investigated:
U: Uncorroded specimen
UH: Uncorroded + Heat treatment at 495°C
UR:  Uncorroded + Removal of 350pum layer
URH: Uncorroded + Removal of 350um layer + Heat treatment at 495°C
C: Corroded 24hEXCO
CH: Corroded + Heat treatment at 495°C
CR:  Corroded + Removal of 350um layer
CRH: Corroded + Removal of 350um layer + Heat treatment at 495°C
The results of the tensile tests are given in the following table

Table 8: Results of tensile tests [97].

Condition Yield strength UTS Elongation Energy Density
S, (MPa) R,(MP3a) As(%) W(MJ/m®)

U 376.12 488.90 15.35 71.90
UH 326.90 495.80 17.45 80.70
UR 358.10 472.00 16.24 74.11
URH 296.44 447.29 14.09 58.64

C 348.88 424.50 5.99 25.04
CH 303.10 433.26 9.83 39.81
CR 363.45 467.72 10.76 48.46
CRH 286.42 438.26 13.92 56.48

The conditions U, UH, UR and URH serve as reference of the conditions C, CH, CR
and CRH respectively. The results of Table 8 can then be represented as percentages of the
respective reference values. This is shown in Table 9 and in Fig. 4. 32.

The results presented in Table 9 and Fig. 4. 32 depict the following:

Corrosion degrades yield strength and ultimate tensile strength as expected, however
the degradation of tensile ductility (elongation and energy density) is more pronounced
(Condition C). Examining conditions CH and CR independently we see that the removal of
the corrosion layer restores entirely the strength values and enhances the tensile ductility.
Heating of the corroded material does not affect the strength values; however it enhances the
tensile ductility. Removal of the corrosion layer and then heating the material not only
restores the strength values but it also restores ductility as well (condition CRH).

Institutional Repository - Library & Information Centre - University of Thessaly
02/06/2024 21:22:26 EEST - 18.218.128.103



Helen Kamoutsi Chapter 4 — Corrosion and hydrogen embrittlement 74

100 -

<] @
o o
1 1

%Value of property
3
i

~N
o
.

Ref [ CH CR CRH
Condition

Fig. 4. 32: The results of Table 8 represented as percentages of the respective reference values
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Table 9: Tensile properties as %ovalue of reference specimen [97].

Condition Yield strength UTS Elongation Energy
C 92.7 86.8 39.0 34.8
CH 92.7 87.3 56.3 49.3
CR 100 99.0 66.2 65.4
CRH 96.6 98.0 98.8 96.3

Corrosion (24h EXCO) affects a surface layer (350pum) of the material by introducing
defects such as pitting, exfoliation and intergranular attack. These features degrade the
strength of the material. Corrosion also degrades the ductility due to the combined effect of
the corrosion defects described above and hydrogen embrittlement. The last point is apparent
from condition CR, where the removal of the corrosion layer restored the strength values due
to the simultaneous removal of the corrosion defects. However ductility was not completely
restored, and this calls for a bulk mechanism of embrittlement. The indication that this
mechanism is hydrogen embrittlement comes from the following considerations:

1. There is a hydrogen profile in the corrosion layer, but even after removal of that layer

the hydrogen remaining is still significant

2. Heating the corroded material (condition CH) does not affect strength. It affects only
ductility and actually restores ductility to some extent. Heating is performed at 495°C,
at the T4 trapping state, to diffuse all hydrogen out of the material by activating all
trapping states.

3. Removal of the corrosion layer (condition CR) removes the corrosion defects and all
the hydrogen that is trapped in the corrosion layer. Thus the restoration of ductility
here is more pronounced

4. Removal of the corrosion layer and heating the material at 495°C (condition CRH)
completely restores ductility due to the combined effect of removal of corrosion
defects and hydrogen

To support these considerations, a fractographic analysis of the fracture surfaces of the
tension specimens was conducted especially to clarify point No.l above.
The investigation was carried out for the following conditions

Institutional Repository - Library & Information Centre - University of Thessaly
02/06/2024 21:22:26 EEST - 18.218.128.103



Helen Kamoutsi Chapter 4 — Corrosion and hydrogen embrittlement 75

Corroded 24h (condition C)

Corroded 24h + Removal of 350pm (condition CR)

Corroded 24h + Removal of 350um + Heat treatment 495°C/35min (condition CRH)
Non-Corroded + Removal of 350um + Heat treatment 495°C/35min (condition URH)

Condition C: Fig. 4. 33 shows a low magnification section of the fracture surface at the top
side of the specimen. The fracture surface appearance varies from the specimen surface to the
specimen interior. At the specimen surface the fracture is intergranular as shown in Fig. 4.
33a. Immediately below there is a zone of quasicleavage fracture (Fig. 4. 33b) and further
below the fracture turns to entirely ductile (dimples), shown in Fig. 4. 33c and d. A similar
behaviour exists at the bottom side of the specimen, shown in Fig. 4. 34. There is again an
intergranular surface region (Fig. 4. 34a), a quasiclevage zone below (Fig. 4. 34b), a transition
from quasicleavage to ductile fracture (Fig. 4. 34c) and completely ductile fracture in the
interior (Fig. 4. 34d). It is apparent from these results that the intergranular layer is the
corrosion layer. Immediately below the corroded layer there exists an embrittled zone
characterized by the quasiclevage fracture appearance. This embrittled zone is followed by the
normal ductile fracture mode of the alloy.

Condition CR: Fig. 4. 35 shows a low magnification section of the broken tensile sample.
Here the intergranular surface region is absent, since the corrosion layer was removed.
However the embrittled region in the form of quasicleavage is still present (Fig. 4. 35a)
followed by a transition to ductile fracture (Fig. 4. 35b, ¢). The same situation holds and in
another specimen of the same condition, shown in Fig. 4. 36 which clearly shows the
embrittled zone (Fig. 4. 36a), the transition to ductile (Fig. 4. 36b) and the ductile region in
the interior of the specimen (Fig. 4. 36¢).

Conditions CRH and RH: Both conditions show a completely ductile (dimple) fracture
appearance in the interior (Fig. 4. 37 and b). Also both conditions exhibit a surface zone of
mixed intergranular/dimple nature (Fig. 4. 38a,b). This surface zone is absent from the
previous C and CR conditions and is attributed to the heat treatment applied prior to tensile
testing. A more close examination in higher magnifications shows rounded features either in
dispersed particles (Fig. 4. 39a) or even at grain boundaries (Fig. 4. 39b). This roundness
might be due to the exposure to the relatively high heat treatment temperature of 495°C. The
presence of this heat-treatment affected zone in both conditions CRH and RH overlapped any
effect of corrosion and to correlate with the tensile results of Fig. 4. 32. Therefore this makes
very difficult to determine the effect of corrosion. The above arguments hold for the L-
direction specimens. The situation in the LT specimens is similar. However here the
intergranular character of the surface zone is more apparent (Fig. 4. 40) due to the orientation
of the grains relative to the fracture surface

The fractographic analysis for conditions C and CR presented above correlate with the
hydrogen profile in the material (Fig. 4. 27) and the tensile data of Fig. 4. 32. The hydrogen
affected zone extends below the corrosion layer. This is the embrittled (quasicleavage) zone
between the intergranular corrosion and the ductile uncorroded matrix seen in the above
fractographs. Removal of the corrosion layer (CR) removes the effects of corrosion but leaves
the hydrogen embrittled zone in place. This is the reason for the incomplete restoration in
ductility for condition CR. Only in condition CRH, where all hydrogen has also been
removed, there is a complete restoration of ductility.
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(a)

(b)

Fig. 4. 37: Fracture surfaces of condition CRH
(a) (corroded 24h+removal of 350um) and RH
(b) specimen. Both exhibit ductile mode of
fracture.

| (b)

Fig. 4. 38. Fracture surfaces of condition CRH
i(a) and RH (b) surface zone of mixed
intergranular/dimple nature.
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Fig. 4. 40: Fracture surfaces of condition CRH in LT direction intergranular character of the surface

zone.
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4.5 Additional effects in hydrogen uptake

In the following paragraphs the effects of surface area and surface protection on
hydrogen uptake is being examined. It should be noted that the results are preliminary in
nature and show specific trends, they are by no means conclusive.

The relation of specimens surface to hydrogen uptake

Hydrogen entering the material is produced by the surface reactions of corrosion.
Thus, the amount of hydrogen eluting during heating of corroded specimen is expected to
correlate better with the surface exposed to corrosive attack rather than with the weight of the
specimen. This expectation is confirmed by the data, as in the representative hydrogen
evolution spectra of Fig. 4. 41a and b, corresponding to specimens exposed to the EXCO
solution for 24 hours. Fig. 4. 41a compares two specimen of the same weight but different
surface areas, and demonstrates that larger surface leads to larger amount of trapped
hydrogen. Fig. 4. 41b shows that specimens with similar surface areas but very different
weights produce similar spectra.

A more extensive compilation of data, which confirms the good correlation between
specimens area and hydrogen trapped during corrosion, is shown in Fig. 4. 42. Here, the total
quantity of released hydrogen is plotted as a function of the exposed surface area, and a
systematic dependence is observed.

A comparative assessment of the above data provided evidence that the side surface
(LS) is more active than the flat surface (LT) in promoting corrosion and hydrogen uptake. In
order to substantiate this tentative conclusion, a series of specimens were corroded only after
their side surface was isolated from the corrosive solution. In this way, the amount of
hydrogen measured was associated exclusively with the rolling surface. The material used to
seal the side surface was a special resin, which solidifies under vacuum and does not react
with the corrosive solution.

A comparison of hydrogen evolution spectra from a specimen with sealed side and a
specimen with the entire surface exposed in shown in Fig. 4. 43. It indicates that the side
surface is more active than the flat surface as a gate of hydrogen entrance into the material.
When the respective areas are taken into account, the relative activities are estimated in the
order of 2:1.

The above result is in qualitative agreement with the consideration of grain boundaries
as preferential corrosion sites. More specifically, it is well-known that the rolling process
produces material grains of relatively uniform dimensions in the LT plane but strongly
elongated in the LS plane. Metallographies, of the side and the rolling surface, presented in
Fig. 4. 44 indicate that the ratio 2:1 is in reasonable agreement with the grain boundary
densities in the two planes.

The effect of surface protection

Two different surface protections were tested for susceptibility to hydrogen uptake, Al
cladding and anodizing. Cladding is based on high purity Al (1230) and proved a very
efficient means of protection. Fig. 4. 45 shows the difference in hydrogen evolution spectra of
two 1.8 thick specimens (one bare the other cladded), subjected to 48 hour exposure to the
corrosive solution.

It is very interesting to note that the drastic reduction in hydrogen uptake with
cladding, shown in Fig. 4. 45, is demonstrated by specimen with covered rolling surface but
bare side surface. The inactive behavior of the side surface is attributed to the creation of an
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electrochemical cell between pure Al and the alloy, resulting in the cathodic protection of the
specimen. Such behavior is expected to occur whenever bare and Alclad surfaces are
electrically connected by the solution, Fig. 4. 46. However, very small amounts of corrosive
solution (for example droplets) in contact only with bare material may lead to strong localized
corrosion. The protective effect of cladding on hydrogen uptake and embrittlement is further
exploited in [98].

Hydrogen measurements in partly anodized specimens showed that hydrogen uptake
decreases with respect to non-anodized material. In particular, Fig. 4. 47 compares hydrogen
evolution spectra from three specimens, one of which is bare, the other has anodized rolling
surfaces and the last has anodized rolling surfaces plus 50% of the side surface. The gradual
reduction of measured hydrogen with the percent of surface covered indicates that anodizing
is not as efficient as Al-cladding in the protection of partly bare specimens. However, the
recduction of measured hydrogen in the specimen with covered rolling surfaces is larger than
expected from the relative contributions of rolling and side surfaces of bare material (as
discussed in the previous paragraph). Thus, anodizing also appears to offer some synergistic
effect, possibly of electrochemical nature.
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Fig. 4. 41: Specimen with similar total side area (0.34-0.14gr) but different weight (106 versus 116
mm®) Results of hydrogen desorption versus temperature (a). Specimen with similar weight (0.13-
0.14gr) but different total side area (106 versus 58mm”) Results of hydrogen desorption versus
temperature (b).

Institutional Repository - Library & Information Centre - University of Thessaly
02/06/2024 21:22:26 EEST - 18.218.128.103



Helen Kamoutsi Chapter 4 — Corrosion and hydrogen embrittiement 84

400

[« nghz]

350 «

100
«

50|v1v.v.avr-|*ﬁ—"‘r—"x——r—-—rﬁ—,
100 120 140 160 180 200 220 40 260 280 300 320

LS+LT surface (mm2)

Fig. 4. 42: The results of hydrogen desorption versus the side surface.
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Fig. 4. 43; Comparative diagram with and without resin on the side surface.
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Fig. 4. 44: Metallography of alloy 2024-T3 Bare with thickness of 1,8 mm. (a) Surface of rolling (LT plane). (b)
Section vertical to the rolling direction of F ig. 4. 44 (a), (LS plane).
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Fig. 4. 45: H, desorption spectra of 2024-T3 Al Clad specimens.
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Helen Kamoutsi
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Fig. 4. 46: Metallography of alloy 2024-T3 Al clad (side surface).
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Fig. 4. 47: Effect of anodizing in the side surface of specimen that have suffered corrosion for 24

hours.
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4.6 Corrosion and Hydrogen uptake of aluminium alloy
6013.

In the framework of the present thesis, in addition to alloy 2024, a preliminary study

of alloy 6013 regarding its corrosion and hydrogen uptake behavior was undertaken. The
main objective of this work was to see weather 6013 follows similar patterns of behavior, i.e.
hydrogen uptake and trapping during corrosion.
Specimens of the alloy were subjected in EXCO accelerated corrosion testing, according to
the methodology already described in Chapter 3. The corroded specimens were studied in the
AFM in order to determine the evolution of corrosion damage. Finally hydrogen
measurements were performed using the thermal desorption — gas chromatography method
also employed in the study of 2024 alloy.

Evolution of Corrosion Damage

In comparison to the 2024 alloy, the surface of 6013 corroded for short times (up to 4
hours) exhibits a higher degree of non-uniformity, which is evident even from the uncorroded
(as receiver) material Fig. 4. 48, the rolling marks are more intense than in the case of alloy
2024. Pitting, oxide film cracking and rolling marks are present from the beginning of
corrosion attack. Fig. 4. 49 shows oxide film cracking for different exposure times. Fig. 4. 50
shows characteristic rolling marks at different exposure times. These marks are more intense
than in the case of alloy 2024. Finally Fig. 4. 51 shows pitting corrosion at different exposure
times. Pit depth increases with exposure time. Also pit-to-pit interactions and pit clustering
are mechanisms that aid the evolution of corrosion damage also in alloy 6013.

For longer exposure times, alloy 6013 shows a higher rate of corrosion attack. Exfoliation of
the material is much more rapid compared to alloy 2024.

Hydrogen uptake

Measurements of trapped hydrogen were also undertaken for the aluminum alloy
6013. The main goals in the frame of the present thesis were (1) to confirm the general
applicability of the measurement method and (2) to set in perspective the characteristics of
alloys 2024 and 6013. The data are presented and discussed in terms of hydrogen evolution
spectra. The depth of penetration is also investigated. It is noted however that the results for
alloy 6013 are very preliminary and further investigation is needed.

Hydrogen evolution spectra for specimens exposed to the corrosive solution for
different times are shown in Fig. 4. 52 a, b. Fig. 4. 52a contains small exposure times and
indicates that the onset of hydrogen accumulation is after 4 hours in the exco solution. The
behavior for longer exposure times is shown in Fig. 4. 52b and demonstrates a faster buildup
of hydrogen in comparison with alloy 2024. These findings are in agreement with the
increased severity of corrosion attack, as detected with AFM. They also prove that alloy 6013
permits the entrance into its structure of the hydrogen produced by surface corrosion
reactions. The total amount of hydrogen as a function of exposure time is shown in Fig. 4. 52.
For exposure beyond 24 hours, the amount decreases and reaches a plateau. This behavior is
attributed to the extensive removal of material during corrosion (~30% weight loss) and is an
indication of saturation.

The depth of hydrogen penetration was determined as before, by exposing multiple
specimens to the same corrosive conditions (4 hours in exco) and removing from each one a
different depth of surface material. The respective hydrogen spectra are shown in Fig. 4. 54.
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Measurement of an uncorroded specimen is included for comparison. The results demonstrate
the expected decrease in hydrogen content with depth and indicate a penetration depth around
250 um. Considering that diffusion depth is proportional to the square root of time, this
number compares favorably to the estimated penetration depth in alloy 2024 (~500 pum),
which resulted from a 24 hour exposure.

A tentative conclusion from a comparison of the behavior of alloys 2024 and 6013,
concerning hydrogen penetration, is the following: the significance of hydrogen
embrittlement in relation to the direct corrosion damage may depend inversely on the
corrosion resistance of the alloy. Thus, a weaker alloy (like 6013 in the specific exco
environment) corrodes faster and shows direct evidence of extensive damage before the
surface hydrogen has enough time to penetrate deeply into the material. On the contrary, a
more resistant alloy (like 2024) still produces enough high-fugacity surface hydrogen to favor
hydrogen charging. When exposed to the corrosive environment for a long time, the direct
corrosion damage is not detrimental but hydrogen has enough time to penetrate deeper into
the material and cause extensive embrittlement.
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Fig. 4. 48: AFM topographies for the as received aluminum alloy 6013, LT plane. (a) through (d).
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Fig. 4. 49: Alloy 6013-T6 (LT plane), for different exposure times in the corrosive solution EXCO.
Fragmentation and spaling of surface oxide.
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Fig. 4. 51: Alloy 6013-T6 (LT plane), for different exposure times in the corrosive solution EXCO,
pitting corrosion.

Institutional Repository - Library & Information Centre - University of Thessaly
02/06/2024 21:22:26 EEST - 18.218.128.103



Helen Kamoutsi Chapter 4 — Corrosion and hydrogen embrittlement 92

J — Uncorroded
04 1 Hour [\ 124
2 Hours J \ n
— 4 Hours | 10 —— 4 Hours
034 } } 8 Hours
£ | c 12 Hours
£ A\ P [ 18 Hours
N ] AV ]
024 £ / i
o I / I 64
o | [ ( =]
B i \ / =9 I
o / | 44 !
014 ‘f i _ ) l
[ N S \?\\ , ] i . S
. N /
1 \ - p—
oo s N W/ %\ . ,_\,‘J — —
T T T T T T T ot T 1 T T T T T T
[} 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700
o
Temperature, (" C) Temperature, (OC)
3
(a) (b)

Fig. 4. 52: (a) Hydrogen desorption spectra for specimen of alloy 6013 for exposure to exco 0 to 4
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Fig. 4. 53: Hydrogen desorption spectra for specimen of alloy 6013 for exposure to exco 4 to 120
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Chapter 5 — Concluding
Discussion

The objectives of this thesis as stated in the beginning were the following:

e To establish a link between corrosion and hydrogen trapping

e To provide an understanding of the observed embrittlement
It should be stated that the starting point was the fact that the alloy is being embrittled when
subjected to accelerated corrosion testing. Furthermore, a significant part of ductility was
restored after removal of the surface corrosion layer. It was apparent from the start that the
main point would be to clarify whether the observed embrittlement is actually related to
hydrogen or is the result of other corrosion-induced processes. The experimental procedure
applied so far generated a series of data that provide evidence of hydrogen embrittlement in
the aircraft aluminium alloy 2024. In this section, an effort is being made to link the main
results together, in order to reach to the conclusions of this thesis and to discuss the major
implications of these conclusions in aircraft design and maintenance.
The main results of this thesis are the following:

Corrosion

Alloy 2024-T3 was subjected to accelerated corrosion testing. The EXCO test, used
exlensively by the aeronautical industry, was selected. Exposure times in the EXCO solution
rariged from 15min to 96 hours. The early stages of corrosion (up to 4 hours) were studied by
AFM, while the later stages by SEM and metallographic sectioning. Corrosion in this alloy
starts in the form of pitting. With exposure time pits become deeper and pit clustering takes
place. At 2-4 hours a type of pit-to-pit interaction initiates the process of intergranular
corrosion. This type of corrosion has two major consequences. The first is the exfoliation of
grains from the surface of the alloy. The second is the opening of paths for the corrosion
solution to penetrate in the material interior. It appears that this is the way for hydrogen to
reach deep in the material. Hydrogen is generated during corrosion. Then it diffuses in the
alloy. It creates a diffusion zone adjacent to the corrosion zone.

Hydrogen uptake and trapping

An in-house thermal desorption — gas chromatography system was employed in order
to measure hydrogen being trapped in the alloy during corrosion. A constant heating rate was
applied to the corroded alloy and the amount of hydrogen evolved was measured as a function
of temperature. It was found that hydrogen is being trapped in distinct energy states, which
correspond to different microstructural traps that are being activated at different temperatures.
The higher the temperature the stronger the trap. In 2024 alloy, four traps T1 to T4 were
identified. The low temperature trap T1 is the weaker reversible trap and corresponds to
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hydrogen being trapped in interstitial sites and dislocations. Microhardness measurements
performed after subjecting the material to the same thermal cycle used for the hydrogen
measurements showed that the corroded material becomes softer in accordance to theories of
hydrogen-induced softening stemming from interaction of hydrogen and dislocations.
Evolution of hydrogen from the high temperature trap T4 coincides with dissolution of the
strengthening phase, indicating that T4 hydrogen is trapped in the strengthening phase.

Another key question answered by these experiments was how deep in the material is
hydrogen introduced. Sequential sectioning provided the hydrogen profile and showed that
the hydrogen zone extends below the corrosion zone. This means that since hydrogen is
generated during corrosion, it reaches to the same depth with corrosion plus a further depth
due to diffusion. Actually fractographic analysis of tensile specimens (to be discussed below)
showed the existence of quasicleavage (embrittled) zones just below the intergranular fracture
zones (corrosion) in the otherwise dimple fractured (ductile) alloy.

Mechanical testing and fractography

In order to link corrosion and hydrogen trapping to strength and ductility, results from
tensile testing of corroded samples and corresponding fractographic analysis took place.
Corroded material (24h EXCO) has a yield strength 92% and an elongation 39% that of the
uncorroded material. Removal of the corrosion layer restores the yield strength to 100% ,
while ductility is only partially restored to 66% that of the reference value. This means that an
embrittling mechanism still remains in the material even after all surface damage due to
corrosion has been removed. Removal of the corrosion layer followed by heating at 495°C
restores both the yield strength and elongation to almost 99% of the reference value. The
complete restoration of ductility is attributed to hydrogen desorption by the activation of all
hydrogen traps in the alloy. These conditions are shown schematically in Fig. 4. 55.

The 24 hours EXCO corrosion creates damage which penetrates in a nonuniform way
from the surface to the interior of the material. The depth of attack is 350um. Below the
cotrosion layer, a hydrogen zone is established due to the diffusion of hydrogen created by the
corrosion process. Removal of the corrosion layer (equal to the depth of attack), removes all
the corrosion damage and all hydrogen trapped in the 350um surface layer in the alloy. The
result is an elongation increase to 66% of the reference value. However, part of the hydrogen
zone still remains. The heating of the alloy to 495°C (at the T4 state) removes all hydrogen
from that zone by desorption and restores all ductility back to the original value. Fractography
of the tensile samples showed that below the intergranular fracture zone at the surface, which
is due to corrosion, there is a quasicleavage transition zone before the fracture mode turns to
the ordinary dimple ductile fracture of the unaffected material. This quasicleavage zone has
been embrittled by hydrogen diffusion and trapping. Removal of that hydrogen by heating
restores all ductility. These results provide the first evidence of hydrogen embrittlement in

2024 alloy.

Institutional Repository - Library & Information Centre - University of Thessaly
02/06/2024 21:22:26 EEST - 18.218.128.103



Kamoutsi Helen Chapter 5 — Concluding Discussion 96

Corroded Surface

After Corrosion

Condition C
Elongation : 39% of reference

Hydrogena
Affected
Zone

Removal of C‘rosion Attack

'
!ﬁXﬁIﬁﬁf% Condition CR
\.‘_‘/ . T Zone Elongation : 66% of reference
After *aﬁng

#\ "H

/ Hydrogen Condition CRH
N Has :
-~ . - Difusedaway  Elongation : 99% of reference
Index
@ Corrosion layer
/’ Intergranular Area
rooo - Hydrogen Diffusion

Embrittled region
- Quasiclevage Fracture

1 Uncorroded and

unaffected by

hydrogen Ductile

Fig. 4. 55: Schematic representation of the corrosion layer and the hydrogen affected area
beneath it. After removal of the corroded layer, a hydrogen affected zone (free of corrosion)
remains and affects the mechanical properties of the material (elongation 66% of reference).
Heating releases trapped hydrogen and restores elongation to 99% of reference.
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Effect of side surface (LS) relative to the flat surface (LT)

Hydrogen measurements performed in specimens of the same weight but different
surface area of the side surface (LS side) showed that hydrogen uptake during corrosion
increases with the surface area of the LS side. Actually more hydrogen enters the material
through the LS side than from the LT side. This is attributed to the higher density of grain
boundaries in the LS side, which comes from the rolling of the material.

Effect of cladding

Hydrogen measurements in Alclad material (2024 alloy claded with 1230 alloy) which
has also been exposed in EXCO solution showed that hydrogen uptake in Alclad is negligible
compared to the bare (unprotected) material. This is probably due to the cathodic protection
offered by the cladding. Corrosion inhibition also prevents hydrogen uptake. The effect of
cladding on hydrogen embrittlement is exploited further in [98].

Effect of anodizing

Hydrogen measurements in anodized specimens showed that hydrogen uptake
decreases with respect to non-anodized material. The reduction is higher if the side surface
(LS) is also anodized.
The above results on the effect of cladding and anodizing indicate that these two forms of
corrosion protection also lead to a reduction of hydrogen uptake and trapping in alloy 2024.

Implications in design and maintenance

Today’s aircraft design and maintenance follows the damage tolerance philosophy.
According to this practice, flaws or cracks are allowed in the structure once they are tolerated
by the material. Tolerance depends on the fracture toughness of the alloy. The cracks grow by
farigue. The life of the structure depends (i) on the prescribed damage tolerance and (ii) on the
farigue crack growth rate. Both of these factors are influenced by corrosion and hydrogen
embrittlement. The present thesis sheds light at the degradation of ductility and hence fracture
toughness, due to the corrosion-induced hydrogen embrittlement, which reduces the damage
tolerance of the structure. These arguments are particularly important for the so-called “aged
aircraft”, which has exceeded or is near the operational lifetime, but it is still operated by the
airlines. These aircrafts have accumulated damage and corrosion. The damage tolerance of the
material has decreased due to hydrogen embrittlement, at least locally in critical areas such as
rivet holes, in accordance with the ‘local fracture toughness’ concept proposed in [13]. This
condition is shown in Fig. 4. 56, where the situation around rivet holes is considered to be
analogous to that of Fig. 4. 55. the critical situation will appear if crack extension occurs in
the hydrogen embrittled region, where, locally, damage tolerance has been reduced. These
conditions call for a re-determination of lifetime, if the decision is to extend the operational
lifetime of such aircrafts.
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Fig. 4. 56: The situation around two adjacent rivet holes. The concentric cycles around the
hole represent the corroded area around the hole and the hydrogen affected zone.
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Chapter 6 — Conclusions

The experiments performed in this thesis, the analysis of results and the discussion in the
previous chapter led to the following conclusions regarding corrosion-induced hydrogen
embrittlement in aircraft Al-alloys:

1.

The alloy has been subjected to the EXCO accelerated corrosion test. Corrosion
damage in the alloy starts with pitting and develops to a network of intergranular
corrosion leading to exfoliation of material. Pit-to-pit interaction and pit clustering are
mechanisms aiding the development of corrosion damage. The depth of attack
increases with exposure time. Typical value for depth of attack is 350pm for 24h of
exposure time.

Hydrogen is produced during the corrosion process and is being trapped in distinct
energy states, which correspond to different microstructural traps. These traps are
activated and liberate hydrogen at different temperatures. In alloy 2024, four traps T1
to T4 were identified. Trap T1 is considered to be a reversible trap, which liberates
hydrogen continuously at low temperatures. Traps T2, T3 and T4 saturate with
exposure time and are considered to be irreversible.

Trapping state T1 corresponds to hydrogen at interstitial sites. The observed material
softening at the same temperature range of T1 activation correlates with theories of
hydrogen-induced softening stemming from dislocation-hydrogen interactions.
Trapping state T4 is the strongest trap and its temperature range corresponds to the
dissolution of the strengthening precipitate in alloy 2024.

The hydrogen front advances with the corrosion front, so hydrogen penetrates deep in
the material through the intergranular paths generated by the corrosion process. Then
hydrogen diffuses further in the material establishing a hydrogen-affected zone
beneath the corrosion depth of attack.

Removal of the corrosion layer (equal to the depth of attack) leads to complete
restoration of yield strength and partial restoration of ductility. Removal of the
corrosion layer and heating above the T4 activation range (to activate all traps) leads
not only to complete restoration of strength but also to complete restoration of
ductility.

Detailed fractographic analysis showed the existence of a quasicleavage transition
zone between the intergranular corrosion zone and the ductile corrosion-unaffected
material. This quasicleavage zone has been embrittled by hydrogen diffusion and
trapping. Removal of hydrogen by heating restores all ductility. These results
constitute evidence of hydrogen embrittlement in Al-alloy 2024.
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7. Additional effects investigated included the effect of side surface, cladding and
anodizing ad also alloy 6013. Preliminary results indicated that more hydrogen enters
the material from the LS side (side surface) than the LT side (rolling plane), probably
due to the higher density of grain boundaries in the LS side. Both forms of corrosion
protection, cladding and anodizing reduced considerably hydrogen uptake and
trapping. Regarding the behavior of alloy 6013, the evolution of corrosion damage
follows a similar pattern as for alloy 2024. However corrosion in 6013 is more intense
and intergranular corrosion and exfoliation appear in shorter exposure times.
Hydrogen is also produced during corrosion and is being trapped in the alloy at
distinct energy states.
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Chapter 8 — Proposed Future
Work

Taking into consideration the conclusions reached with this thesis the following items are
proposed for further investigation:

1. Corrosion-induced hydrogen embrittlement study of other heat-treatable Al-alloys of
the 6xxx and 7xxx series

2. Corrosion-induced hydrogen embrittlement study using a more mild accelerated
corrosion test procedure, such as salt spray or artificial seawater test.

3. Detailed microstructural investigation in order to determine the nature of hydrogen
traps and their relation with the dislocation structure in the material
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