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Inrecentyears,thefossilfuelexhaustionandglobalwarminghavebecomeseriousproblems.Asa
waytosolvetheseproblems,thedevelopmentofthefuelcellvehicleshasbeenpaidattentionto.In
thefuelcellvehicles,highpressurehydrogengasisstoredinacontainerconsistingofaluminumliner
andsurroundingfiberreinforcedplasticlayer.Toincreasethemileageperfilling,analuminumalloy
havinghigherstrengththanthecurrentlyused6061alloyisneeded.Ithasbeenknownthatincrease
intheSicontentin6000seriesaluminumalloybringsaboutincreaseinthestrength.Inthisstudy,a
6061aluminumalloywithSicontentofhighestlevel(6061HS)aswellasa6061alloywithatypical
compositionhasbeensubjectedtoslowstrainratetechnique(SSRT)tensiletestsinamoistairto
assesstheresistancetohydrogenembrittlement,andalsotothermaldesorptionspectroscopy(TDS)
toinvestigatethehydrogenbehavior.Moreover,toinvestigatetheeffectofgrainsize,6061HSalloy
specimenwithcoarsegrainedmicrostructurehasbeenalsosubjectedtotheSSRTtensiletestsand
TDS.  In 6061HST6 even with coarsegrained microstructure, the resistance to hydrogen
embrittlementissufficientlyhigh,althoughhydrogenisthoughttoinvadetothespecimenandtobe
trappedbydislocationswhenSSRTdeformedinthemoistair.
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Inrecentyears,thefossilfuelexhaustionandglobalwarminghavebecomeoneofthemostserious
problems in theworldwidescale. There isagrowing trend towardusinghydrogen,which is the
cleanestenergysource,asoneofthesolutions.Especially,hydrogenfuelcellvehicles(FCVs)are
beinginvestigatedanddevelopedactively.Tostorehydrogenasthefuel,ahighpressurehydrogen
containerwithanaluminumlinerisinstalledintheFCVs.Theonlyaluminumalloyapprovedasthe
linerintheJapanesestandardis6061aluminumalloyforthemaximumfillingpressureof35MPa[1].
Raisingthemaximumpressuretoabout70MPaisscheduledtoextendthemileageperfilling,andan
aluminumalloywithhigherstrengthisdemandedasthelinermaterialforthispurpose.Therefore,
6061aluminumalloythathasbeenincreasedinthestrengthbyraisingtheSicontentuptothehighest
levelwithinitscompositionrange(6061HS)hasbeenpaidattentionto.

Uptonowtherehasbeennoreportthatmechanicalpropertiesofcommercialaluminumalloysare
deterioratedunderthehighpressurehydrogengasenvironment.Inmoistairenvironments,however,
7075T6alloyhasbeenknowntogiverisetohydrogenembrittlementwhensubjectedtotheslow
strain rate technique (SSRT) tensile tests [2]. Therefore, high strength aluminum alloy have a
possibilityof causinghydrogen embrittlement, and it is necessary to investigate the resistance to
hydrogenembrittlementaswellasthehydrogenbehaviorinthenewcandidatealloytoinsurethe
safety.TheSSRTtensiletestinamoistairhasbeenshowntobemoreseverethanthatinahydrogen
gasenvironmentat70MPaintermsofassessinghydrogenembrittlementsusceptibility[3].Thisis
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basedontheextremelyhighhydrogenfugacitywhenmetallicaluminumisexposedtowatervapor
andreactsasinEq.1.

2Al+3H2O→Al2O3+6H.(1)


Thermodynamically,thefugacityofthehydrogengeneratedbythisreactionisashighasabout
6×1067Pa[4],butsurfaceoxidefilmispresumedtopreventcontinualreaction.IntheSSRTtensile
testthereactionofEq.1takesplacecontinually,allowinghydrogentoinvadethematerial,sothatthe
hydrogen embrittlement susceptibility can be assessed.  On the other hand, thermal desorption
spectroscopy (TDS) is an effective method to investigate the behavior of hydrogen in metallic
materials.Inthismethod,theamountofhydrogenandinformationonthetrapsiteofhydrogenina
specimencanbeobtainedfromthehydrogendesorptionspectrumacquiredbyheatingthespecimen
ataconstantrate.

Inthisstudy,resistancetohydrogenembrittlementofa6061HSwillbeevaluatedbymeansofthe
SSRTtensiletestinmoistair,andthehydrogenbehaviorwillbeinvestigatedbymeansofTDS,in
comparisonwiththoseofa6061alloywithatypicalcomposition.Inaddition,sincegraincoarsening
frequently occurs in the neck portion of the actual liner, coarsegrained 6061HS has also been
investigated.

 
Thespecimensusedinthisstudyarea6061alloywithhighSicontent(6061HS),coarsegrained
6061HS(6061HSCG)andausual6061alloy(6061Ref)asareference,intheformof1mmthick
sheets. The 6061Ref sheet was supplied from FurukawaSky Aluminum Corp.  Their chemical
compositionsareshowninTable1.AllofthemwereT6tempered:6061HSsolutionigedat545°C,
and thenagedat175°C for8h;6061Ref solutionigedat460°C, and thenagedat120°C for24h.
Tensiletestspecimenswithagageportionof12mminlengthand5mminwidthwerecutoutfromthe
sheets so that the tensile direction becomes vertical to the rolling direction.  Both sides of the
specimens were wetground up to #800, soaked in a 10%NaOH aqua solution, desmutted in a
10%HNO3aquasolution, rinsedwith tapwaterandnaturallydried. Preliminarily, thespecimens
were subjected to the tensile testat ausual strain rateof1.39×104s1 indrynitrogengas (DNG)
atmosphereatambientpressurewithrelativehumidity(RH)of5%orless,andtheresultanttensile
propertiesareshowninTable2withgrainsize,wheretheincreaseinstrengthsbyraisingSicontent
and the decrease in strength by coarsening grains are confirmed.  The SSRT tensile test was
conducteduptofractureataninitialstrainrateof6.94×107s1intwoenvironments:moistairwith
RHof90%(MA)andinertreferenceenvironment(DNG)at30°C.

Someof thespecimensweredeformedby3.5%ataslowstrain rateof1.39×106s1 in the two
environments,andsamplesof25mm2werecutfromthegageportion.Thesesamplesaswellasthose
cutoutfromtheoriginalsheetsweresubjectedtoTDS,whichwascarriedoutinthefollowingway:
(1)heatingofthesamplewasstartedinanultrahighvacuumof1.0×107Paorless;(2)thesamplewas
maintainedat100°Cfor30mintoremoveadsorbedmoisture;(3)thesamplewasheateduptoabout
570°Catarateof20°C/min,measuringthehydrogendesorptionratetoobtaindesorptionspectrum.


Table1Chemicalcompositionofspecimensinmass%.
Specimen Si Fe Cu Mn Mg Cr Ti Al

6061HS
6061HSCG 0.78 0.30 0.35  1.00 0.30 0.02 Bal.

6061Ref 0.63 0.29 0.30 0.05 1.00 0.20 0.02 Bal.
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Table2GrainsizeandtensilepropertiesofthespecimensinDNG.Tensiledirection,LT,andstrain
rate,1.39×104s1.Y.S.:0.2%proofstress,U.T.S.:ultimatetensilestrength,δ:elongationtofailure.

Specimen Grainsize(m) Y.S.(MPa) U.T.S.(MPa) δ(%)
6061HST6 15 351 369 12.0

6061HST6CG 171 343 362 11.9
6061Ref  303 331 14.3

 
Elongationtofailureofthethreespecimens,testedatastrainrateof6.94×107s1ineachenvironment
isshowninFig.1.TheelongationdecreasesslightlybychangingtheatmospherefromDNGtoMA
inallthethreespecimens,andtheextentofthedecreaseislargestin6061HSCG.Inthe7075T6
sheet,theelongationdecreasedbyabouthalfatastrainrateof1.39×106s1bythesameenvironment
change[2]butnodegradationintheelongationwasdetectedinhydrogengasatmosphereat85MPa
[5].  Thus the slight elongation decrease in the three specimens even in the 6061HSCG is not
regardedasanysignofhydrogenembrittlement.
The hydrogen desorption spectra of the deformed and undeformed specimens of 6061HS and
6061HSCG are shown in Fig. 2.  In all the six specimens, major peak is approximately in the
temperaturerangefrom470to570°C,whichisthoughttoarisefromthehydrogentrappedbysecond
phaseparticlesandmicrovoids. Theonsetofhydrogendesorptionisat lowest temperatureinthe
specimens deformed in MA for both alloys.  This can be attributed to hydrogen trapping by
dislocationsintroducedbythedeformationsincehydrogentrappedbydislocationsisreportedtobe
desorbed at about 400°C for a heating rate similar to that of the present experiment [4].  The
desorptionamount,theintegralofthespectrum,islargestinthespecimensdeformedinMAforboth
alloys.Thus,hydrogenisdeducedtoinvadethespecimenfromMAenvironmentandtobetrapped
by dislocations.  The effect of the deformation in DNG is different in the two alloys: the onset
temperatureofdesorptionandthedesorptionamountbecomelowerandlargerrespectivelybythe
deformationinDNGin6061HSbutoppositein6061HSCG.Thismightbeduetothedifferencein
theamountofimpurityhydrogenthathavebeenpresentbeforethedeformationfromspecimento
specimen.
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Fig.1Elongationtofailureofthe6061HS,6061HSCGand6061specimens,testedatastrain
rateof6.94×107s1 in the two environments.MA :moist airwithRHof90%,DNG:dry
nitrogengaswithRHof5%orless.
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Fig.2Thermaldesorptionspectra(TDS)takenfrom6061HSand6061HSCGspecimenswithand
withouttensiledeformationby3.5%at1.39×106s1inthetwoenvironments(MA,DNG).

 
In6061HST6,theresistancetohydrogenembrittlementissufficientlyhighevenwithcoarsegrained
microstructure, although hydrogen is thought to invade to the specimen and to be trapped by
dislocationswhenSSRTdeformedinMA.


TheauthorsaregratefultoFurukawaSkyAluminumCorp.thatoffered6061T6sheets.Thiswork
hasbeenmadeasapartofaNEDOProject,"Establishmentofcodesandstandardsforhydrogen
economy society Fuel cell vehicles, distributed fuel cell system installed into houses, hydrogen
infrastructures.BasicResearchonAluminumBasedMaterialsforHydrogen"


[1] G.Itoh:GuidebookforEffectiveUtilizationofHydrogen,(NewEnergyandIndustrial
[2] S.Osaki,J.Ikeda,K.KinoshitaandY.Sasaki:J.JILM,Vol.56,(2006),pp.721727.
[3] K. Ichitani, K. Koyama, G. Itoh, S. Osaki and H. Yabuta: Collected Abstracts of the 114th

ConferenceofJapanInstituteofLightMetals(2008),pp.351352.
[4] G.A.YoungandJ.R.Scully:Metall.Trans.A,Vol.33A,(2002),pp.101115.
[5] S.Osaki,N.Maeda,K.Kinoshita,K.Ichitani,G.ItohandH.Yabuta:Trans.JSME75(2009)

366372.

H
yd

ro
ge

n
de

so
rp

tio
n

ra
te

,v
／

m
as

sp
pb
・

s1


Temperature,T／°C


3 0 0 4 0 0 5 0 0
0

1 0

2 0

3 0

4 0

3 0 0 4 0 0 5 0 0
0

1 0

2 0

3 0

4 0

5 0

6 0

Undeformed

Deformed(DNG)

Deformed(DNG)

Undeformed

Deformed(MA)

Deformed(MA)

6061HS

6061HSCG

380


