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WD 2006/ 060851PCT/ A172005/ 001825 Magnesi um al | oys for
hydr ogen storage Field of the invention This invention
reI ates to hydrogen storage materials and particularly

d@%@éwkgl a cast alloy which can be used a%c"i‘/mzoosmmszs
rogen storage material. 5Background of th

| nventl on As the world's pgpul ation expands and

econonic activity increases, there are ever increasing

signs that _increasi ng at m)spherl c concentrations of

carbon di oMagngstimealiaysyfamaydeogen siosaag cl i nat e

‘change.. Wil e the eventual depletion of the world's

oil and fossil fuel ‘energy sources will inevitably

requi re ot her econorfieldef éieginventisrces 10 to be found,

the nore noticeabl e signs of global warm ng have
Thisriovestisrerlgtese tos biydregenostogbe naateriaie roY pavtictiny rélstento e cast

all ot LR BeCRER QR & ggrbgrgggﬂoﬁé W&g rigombust i on produces

arbon nonoxi de an doxi de gases. Hydrogen
energy is attracting a great deal of interest and is

expected to event g QL&&roEﬁdgf{l\%%@% t for petroleum

based fuels. Howev ere are s sever al

t I ot C
e SRR ARG cL2efiF Pt il Bloalls, HSECAHEver
mft’?ﬁ?"’ﬂa%ﬂso desreagieg e e@%@éﬂ%ﬂﬂﬁéﬁ@nsopf &amﬂabqi'@xlde are
wahm@ QL Barfi QLBBR mteemangib I Wﬁnehmrévaﬁﬂuac 35p &N W Worid's

ressed gas or uid, the former occupies a

oiagg 5@5@ BLFReTah aTRes Yilhayitabiy résie GSher Rcapamigenefgy sources
to B G6ling Sthe sl @\bﬁtﬂaaiBTéYS@i%\Hf l’gQinBﬂirﬂ{méJ RawS inbl%asé&pressures for

aseous _and | i gui
g R g S R e
proEsetabdremonpider ardl cafbmedimide gases. conpact met hod of
hydr ogen storage is to store it wthin solid
materials. Wen infiltrated with hydrogen at
Hydspaeniepeigy 1§ fiirging Ssqreaidealgftintereshang saxpectad fogveniially be a

reﬁ@ﬂ@ﬁéﬁﬂ fb’i éﬁcﬂe@h%_fls_iﬂ fudlsgRoWeR? fjthéﬂeeb?e gt Qébﬁﬁé!ﬂlﬁﬁnlcﬂl i8sues
m e re rogen can be rel ease

anirers Pol 0 g e bt L Aoy o pagdinl fel

thefmald olsatstnmgeng dise dewsidpnebnbyfla Iv%lé:ﬁidrﬁgeh\/std%ga system. While

roegae% %an \les% éd RE &S rﬁprgsseg § %g %9 a Ilqu%n the former occupies a large

volume and the latter is energy intensive to produce, reducing any environmental

benefits. In addition, both gaseous and liquid hydrogen are potentially dangerous shouid
the pressure storage vessels be ruptured.

A safer, more compact method of hydrogen storage is to store it within solid materials.
When infittrated with hydrogen at relatively low pressures, metals and inter-metaliic
compounds can absorb large quantities of hydrogen in a safe, solid fom. The stored
hydrogen can be released when ‘required by simply heating the alioy. Storage of
hydrogen as a solid hydride can provide a greater weight percentage storage than
compressed gas. However a desirable hydrogen storage material must have a high
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conpressed gas. However -a desirabl e hydrogen storage

mat eri al nmust have a high
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*@00002* WD 20061060851PCT/ AU2005/ 001825 2 storage
capdtQ 100685Lt i ve to the wei ght of the materi RCT/AH2005/001825
sui tabl e desorption tenperature, good kinetics, good
reversibility and be of a reRatively | ow cost Pure
magnesi um has sufficient theoretical hydrogen carrying

stayzgei babplaelty Wgﬁﬁ‘rr]d tt% trtdowmt@ﬂ bh Gthf efmiishibNoa hy&%b{ée deSorption

) e and t.he temperature e increased to
BReP. Frd Miplh gofT RoeRiohEpetSeal= matuc vorsts on
tenperature makes such materials econom cally

HOR! hbGfdsiue hadt sLgidRht ALtk r&a%ﬁ%rﬂ%rﬂ ga | Sty at 7.6 wt %.

esirable to not only reduce the erg

-Feyevyer die tesulting bydridetin dogtablegand the temperatueebingst beeincreased to

gt CCior the Wykitogsm il a 0 i.cle
foP the WyH ogrlg tlé o093 gégenﬁéggégﬁzsoegﬁrpgfoﬁa{g%n EFA&%e fhﬁ‘égs such

| ease the h -
EBIRBIE REOTRRE Y| HISHERCH ] fe oW fevassfion temBpratyes Sofraibblp to not

orhly Jeduicd GherbmbuktLef enkrgyef@rid 16 refcBSe HRMMRFRYH Ut to enable the
rﬁgu%r@g Jﬁor OE%%%’J rgrl ease.is dec‘reased to | ess
PHRER" YhiRaUBP et PERYERIRS hieiarm ©mbhyeirogsw, Gerapared to
slIrarr_aq?es';ismbt_hleicemdur.td)ll\A'ngAOi_av@ rteb@ce‘dﬂ'ryt’(?bé@ Btﬁié'glf capacity of 3.6
ol , C i.e. n |
.2 bt mpHBhA ohE eigiirdits ot B Py pher tetenly decreased to
lese heandhatsof ook Bagtiesiym pEYe mathanismebf hydyogendstorags ¢ bekeved to
i v/ e v oy - Hong, teri.al s... .
o e 5505 1YAIER, P T8 Mgt Wikt in e
RYTeuWEwERi c My-Ni al | oys consi sting of magnesiumrich
dendri des surrounded by refined My- MJ2Ni eutecti c.

a .absorb | arge a nts. of hydrogen, simlar X
RSB ciniBt g Rl hrGurL T 0NRy Bk nefiel Fereljes sgd auenching
hieobgeni usad Y al. &ém, T.AN Reng: Materials T&a_lpsacﬁons 43 (2002) 1741-1747]
- itlan- Le t . (.P curve, 1.e. not .,
R odles” GpmRnon:, Wia N TRIBYE, Hibiceho ™, Sighesm, o Genarides
swaeundpe by eliepd dvigMeeNivietsictip hEisaseaslioys asbsarbe &irge V:ahounts of
[ ' ; ' j r sf. into the .
I, i o el B S, L6 L A st
PEIaus it s, RISSSUEHETPORYoR-trm@pemtue (RS ewivé,eiebynof. separate
ahedids dbi0eddh pHdse., It APBéliew h& hicRel”; i
16{37- 1?36 us. nﬁaﬁ n(t) 1 ecg ﬁ%ﬁ%?’ﬁlﬁgﬁﬁ@%l Ipll}?sgﬁ/a_ds as.a
EREHTE GIRB7o8 g iRt cb MHGED dranshy fFol 66 qusanssirmath solk
phessiviediighi, farmeaiion. These techni ques are

This realisation has encouraged research [See review by S. Orimo and H. Fuji, Applied
Physics A 72 (2001) 167-186] using nano technology and powder metallurgy technidues
to produce materials with Iarge intemal vinterfacial areas. These techniques are
attractive because they result in large interface areas and they intrbduce
crystailographic defects such as dislocations and twins, which could distribute potential
catalysts throughout the microstructure, enabling them to have a widespread influence
on the kinetics of the reaction. Unfortunately nano-scale powder metallurgy techniques
offer limited control over the crystallographic structure of the phases (ie. interfaces,



- mszw attractive because they result in Iarge |nterfacePCT/ 12005/001825
: areas and they introduce crystallographic defegf s 3¥68October 2006
as dislocations and twi ns, which could distribute ' clobe
potential catal ysts thro_ughout the mcrostructure,
enabling themto have a w degpread influence on the
kinetics of the reaction. Unf ort unat el y nano-scal e

: r te ntrol :
S Sl L Pkt Moub STl Ep 01 PR el FRaBRLY Hapenhe
ifortlangbscas massg progisetion ef cqmn'cehmalp‘wmgen wiord g dmm;:bhglhth.yNone of
I d ol
A el B 5 RSkl Mk B RFIR| gD pertomance
dygiogge swaqsoﬁ@mcg\entﬁm e nrh@wéslwrgclwweepostt er@cmﬁes more
5 d3bRcabRNS hAsd srof&dipeds by which higher perfornmance
hydr ogen storage conponents can be produced using
| ower- cost processes nore 5 applicable to nass
plt Bchnchhijemh of the preseaninedtied to lgarovtd@aa aiwmgwngmtdviﬂmmproved
r el\/gNl alloy wth 1 nprove
h 8%38X5t‘3§atg§f:§&°bﬁl@g§pabl lities. Ref erence to any
prior.art in the specification is not, and should not

bﬁefél%K@eﬂtoa&\y ior aakmm& @é&méélﬁonolg rﬁ)E‘Yanﬁjosrh%@fnot be taken as, an
estlon hat t h rior art fornms part t he

of

‘ﬁ‘ei%“ Re? ] f°Wh6vauaa?ﬁt'°P AhaiJar pegn af fefm%lﬁéﬁ gt thgrcommon

10 j ganleeaﬂkmwimge irStuntraliayorainy oltiesr jurigdistioron According to .
one aspect, the invention nmay provide a nethod of
produci ng a hydrogen storage material including the

steps of form ng a negmafEry®f HCHMOLNRIA havi ng
additions of at |east one refining el enent, the

rﬁédordlmggtoedne riepdct, iisd ingeraibh enéyq:rﬁfnﬂémtrﬁatﬁodl& dréfuicith hydrogen

d o
CHLBEL) Bl GO M4 DbREE Rl Y RRRAED LR, o o
t h@ltmg eaf leant ahe kedhingrelemant the Mefiding gdemestt beiageble to promote a
15 nPetﬁﬁéd @uteé@fcts'i}uét@r'e%ltrhq;xér%%det%h%ﬁ]tg' uq ti‘?‘et M&ne‘é % nickel lntermetalhc

phase and solidifying the magnesium-nickel melt to a hydrogen storage matenal with

said refined eutectlc structure.

In one preferred embodiment, the magnesium-nickel melt is formed by the steps of
adding niékel to the magnesium melt to produce a hypoeutectic magnesium-nickel alioy
20 (ie. greater than zero — 23.5 wt% Ni), homogenising the -magnesium-nickel melt, and
adding the refining element or elements to the melt under a protective atmosphére at

addition rates of greater than zero and up to 2 wt% and preferably greater than zero and
less than 500 ppm.

The refining element has an atomic radius within the range of about 1-1.85 times that of
25 magnesium. It is understood that refining elements with atomic radii within this range
~ will provide the refined eutectic structure discussed above. The refining elements are

selected from the group comprising Zr, Na, K, Ba, .Ca, Sr, La, Y, Yb, Rb, Cs and rare
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-~ In one preferred enbodi ment, the nmagnesi um ni CWQT/M?QOS/M;%?
© .s forned by the steps of adding nickel to tﬁ'?ée“’ed“ombe’

magnesi um nmelt to produce a hypoeutectic

magnesi um ni ckel alloy 20 fie. greater than zero -

23.5 Wt % Ni ), honogeni sing the magnesi um ni ckel nelt,

and addi ng the_refining elenment or elenents to the
earffpelpmants SHCN2HF O 1AEPIIYR 1B RAdRD v aindelingdhie Mmaghesiumssystals
an®@Wh&l @l f&quirB a8t 1865t BndRRrel thd eBmehforRRthE GRIugr abl y

greater than zero and | ess than 500 ppm The refining

el ement has an atomc radius within the range of about
in dnothef Bspechde inVﬂItiommaSZErormigraembmmi of progdecinga bydsogrmcstorage

CHT : o~ ora
bl sl % SRt b AL i il ) B v
5 addiigeud stidastlpoe esfiniNgesigrednt havigg eh @mem@ sadiusewithérl the ranpe of 1-
1 {; 9@%4 m%b% %ﬁg&g;yg mﬁgeﬁmﬁnt%aﬁg%&%ed% thgameh t at
addifienyEitgssreriehthas ZE1p. anh WRoih? Wrh % @nd derfarably Igsathan 2400 and

mdr@Bie'FE@aElyh@sMﬁﬂS@@ bith Cind e atiny tA8 thaghediurd hRRel epui 1 es
| east one nore of the elenents fromthe group. In

anot her aspect, the invention may provide a nethod of
Thersefiditying gstep hyucptb@@ne@s ¢ ag@sting etep athecoifpr imstahgs thg by a

10 suEétﬁ@Ero@édJré)éﬁeh% &uhﬂ&ﬂ%&r@ﬁéét&d %@Iﬁ%&m%&;ﬁ éret{éeéa‘stmg

itions of | east one relnln
Tﬂeaaﬂwgmarst%q DAY b CHET ngtrqnp@ §PiifyiRg %ﬁ@@%e%ﬁoweverlow the

alib} W8S btsmtcaﬁflt @ﬂ@ﬁ%‘ubﬁ% tbhé‘ctl(/ﬁfo'nnérﬁgugé ﬁgr%nﬁy(}?%]éﬁgstorage
rOVl ed dition rates greater t

m%té‘?'% '%Yﬁc?"%'stp@f%'aw ”%da'ﬁa’ep‘l‘séf WHIR)- | ess t han 2400
~and nore preferably |l ess than 500 ppm and casting the

ln%fﬁ%}s 'engbéNn%hte&f H@llxt\vena&emﬁ&]e il p&éﬂl(ﬂ:@ a?th%’robéh Qﬁﬁ'{g}a alloy

ects Is a cast I S cas
15 compnsmg toalsPesigiing @é%ﬁntlé"ySchaw hrpeytaghs ﬁ@ghwwn mroéhbdmmaVIng

grgateadhbh sermaHb dﬁ toCPQllt b/m atrBﬁm‘?gaélEhw@St thzhsﬁrﬁrcg 4&hEM HaGing an
step g/ solid d? processes.
atpmwer@éw OBﬁ*aféﬂﬂh’e%aPms%ﬁh%ae H@@ﬁe%man the bajapes magnesium
afdihdi@sHtal irfputiGéd. vat i on and use as a hydrogen storage

material. The alloy is preferably used in the cast
~condi tion.
The refining additions are selected from the group of Zr, Na, K, Ba, Ca, Sr, La, Y, Yb,

20 Rb, Cs and rare earth elements with addition rates greater than zero and up to 2 wt%
and preferably greater than zero and less than 2400 or more preferably greater than

zero and less than 500 ppm. The more preferred addition elements are sodium and
zircp_nium.

The applicants have found that by the addition of trace elements having atomic radii of
25 about that of magnesium up to 1.65 times the atomic radius of magnesium to
hypoeutectic MgNi systems, twin crystal defects are encouraged in the MgoNi
intermetaliic phase. It is thought that increasing the refinement and crystal defects in the

MgyNi phase catalyses the hydriding reaction in the magnesium rich solid

Amended Sheet
TPEA/AU



I n anot her enbodi ment of the invention, there is
provi ded a hydrogen storage alloy 15 conprising or
consi sting essentially of a hypoeutectic magnesi um

ni ckel alloy having greater than zero and up to 2 wt
A) of a refining elenment, the refining el ement having
an atom c radius of about 1-1.65 tinmes that of

mayoeedswédksiand t he bal ance magnesi um and i NnchE@EBésno1s2s
impurities. The refining additions are selected from :

the group of Zr, Na, K, Ba, 5Ca, Sr, La, Y, Yb, 20 Rb,
Cs and rare earth elenents with addition rates greater

plidsas of mecallaﬂdhu@iﬁcféagingﬁ{l‘éé} aash oy of ﬂ*eagﬁ | Iglt S}?c{ggg{eéltr Dp fke and

.and. |l ess than. 240 nore’ prerera
mféﬁ(g’%t'%e%&hea §r99e8 &bsorRbeTs 0o ppm The nore preferred
addition el enents are sodi um and zirconium. The
Fa@RIRiTh6R 1 Shd AR kPN byl the addition of trace
el ems.nfs havi ng nato ?% rg%lb %oﬁas% %‘g@ﬁ?a?%d%m?ﬂss,msamore
cci‘rﬂﬂ?f@?_%mamﬁ P@casse bt laigessaatke reassnproduestinust Ajdrogen storage
5 commnestsum to hypoeutectic MgNi systens, twin crystal
‘defects are encouraged in the Mg2Ni internetallic
phase. It is thought that increasing the refinenment

and cryspa ' ' 2 Ni ase, catal yses the
hydri di ng %gﬁéﬁéﬁ?h%ﬁ]@ﬁﬂ%%ﬁ'glﬁr%fﬁdﬁwg?ﬂ'm"hnended
FiStheefeatuiis/dtfddis aMDadRRGY P 05/ 001825 5
f"ﬁﬂg‘%gs ok t'ﬁ% a?l oy, t hg%@?ﬁ@% ,%él%gﬁ%ﬁg('%‘ﬁﬁi’lef’?/”ﬁfapparent
“The PY A CWHP&QW RipfeERe embddintent land etdobpanfing deawings
inwhibhogen absorption. Furthernore as the material is
produced by a casting solidification process, it is a

10 F.m)r_e conmercially viable process for |arge scale
Gl SS 2HBRRYER PRPCSHtioR Jempeyatures brph g o WPRIRAThEgnesium alloy
witbesaos Npt i on of the drawi ngs and preferred enbodi nent
Further features objects and advantages of the present
invention will becone apparent fromthe foll ow ng

Figddc? pigph svmoirising aglivefier tinesl ae38pod iafE Bt AR &y Examples 1-6
acconpanyi ng drawi ngs i n which ’

Fig 3 is a graph of PCT absorption data at 350°C and 2 MPé for Examples 1-6

Fig 4 is a graph of PCT absorption data at 300°C and 2 MPa for Examples 1-6

15 Fig 5 is a graph of PCT absorption data at 250°C and 2 MPa for Examples 1-6

Fig 6 is a graph summarising PCT absorption capacity at 350°C and 2 MPa

Fig 7 is a graph illustrating the relationship between absorption and desorption for
unmodified Mg 14 Ni alioy, :

Fig 8 is a graph of the desorption data at 0.2 MPa for Examples 1-8, and

20  Fig 9(a)-9(h) are SEM micrographs of the as cast alloys of Examples 1-6.
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.+ 10 Fig 1 is a pressure conposition tenperatureEgc:vcc)QTﬁzlgmberzo%

of an unnodified magnesiumalloy with 14% N, Fi
a graph summarising activation tinme at 350C and 2 MPa
for Exanples 1-6, Fig 3 is aggraph of PCT absorption
data at 350C and 2 MPa for ‘Exanples 1-6, Fig 4 is a

A aBgeh Stordtpe MRl P R ReR aciogno AR nd iRy By, forming 2

dﬂb@elﬁéctlamneﬁdn-alckﬁabyf addiby atifiet o Inditen anggrg:;lct)m arhe nickel
IIE!B t 1 .

%d@@gn %%ié eru{ﬁ %WP o anc:a Bre?e[rgb 8? a% V\R J I{\\fﬁ(ela{heal'trxl l%sa{ﬁgrb mixed

1S a e rel ons
hebmw@aaﬁbsmngﬂMHmand desorptlon for unnodified My 14
Ni alloy, Fig 8 is a graph of the deSorption data
at 02 MPa for mpl es 1-6, and 20 Fig 9(a)-9(h)

5 SEMihig wwam@d@ﬁ blgve trage ierons PhoRiSilodEphvivinGgmaterial

Gard fbﬁjdewdfme@néh@rmwmbethb@é thheft r@ﬁriédlﬂféeﬂxagﬁé‘éﬂ!rﬁ“ﬂl@se and
tothe In ut ec

RIGRES; fﬁlﬂ?iﬁ%tﬁctwt%e renyﬁ'h' R vRGhedn the GiRARFS-nicke!
Tikermetelkephasedi tion may be up to 20 wt % and preferably
10-20 vt % nickel. The nelt is then m xed to provide a
honogeni sed m x. 5 To this nagge5|un}n|ckel al | oy

t Theciangs efrfdabantotatishipg the aknye Ape gritatrihavs #@mwa@@raravnd that of

10 ?ﬁwﬁgr@mﬁdandﬂb&oﬁl ms&hétdﬁeﬁ’e;@éﬁuhmﬁﬁn%ﬁ%%rf Rf N&€Ba, Ca, Sr,
n m se an r e a.r I ne eut e

U 0bt U B0 47 280 PSR IR o e g eteret Sameits used are

MENeSs batTbrrrede@lm.i nt ernetal | i ¢ phase. The range of

el ements satisfying the above two criteria have atomc
radii around that of 10 magnesiumand up to 1.65 tines

t heg melt isragginetirerhiodamopenisaie mix anqhelfgndesg pretgctivgatmoesphere

L 8uring th¥thorfdenidisy 81§ Tﬁé Briadtil dFRbhe! BNEHY Stmodhteere which

preferred el enents used are sqdi um and/or zirc
15 TREeVARP e BaGINR O PRRYSHRE: HYRGEATnePherrs 'ﬁ‘?'%yea#n and HFC-
heg4h. under a protective atnosphere during the
honmogeni sing step. The protective atnosphere is any
at nosphere which 15 prevents the nmagnesi umfrom
cahpusetrinig. they pretaby & R¥eplgepasiing erP%Rﬂ’éfeSFBC"hﬁﬂ hyFppuring into

1%45@1eated metallic moulds.

While not wrshlng to be restncted to a particular theory of operatlon it is considered that
20 the increase crystal. defects interfacial areas and density of dislocations catalyses the
hydriding reaction in the magnesium rich solid phases of the alloy, thus increasing the

capacity and kinetics of the alloy for hydrogen uptake.
Examples

The hydrogeh absorption of metal hydride alloys is characterised using eduilibrium
25 pressure composition temperature (PCT) data. This data is obtained by keeping an alloy

sample at constant temperature while precisely measuring the quantity of hydrogen
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The netal is then cast by a suitable casting procedure
such as by pouring into preheated netallic noul ds.
While not wishing to be restricted to a particul ar
theory of operation, it is considered that 20 the
i ncrease crystal defects, interfacial areas and
density of dislocations catal yses the hydri di ng
MO8 n t he magnesi um rich solid phaseBCHAU0p001825
all oy, thus increasing the capacity and kinetics of
the alloy for hydrogen upt7ake. Exanpl es The hydrogen
absorption of nmetal hydride alloys is characterised
sorbed ng trecpredsube atvni2th sprpésrs beeurs.OfheoRiahtify rof thydmpgeatsorted is

PCT). Thi 1S _obt ai ned_by. keepi n_al |
oot in ERE et A8) 3iPhdiart ARG G P RER R ad B o
the nwralsarrafregprishén thealasiet et aligyl oogerthe\wepatityl cBHeydrogen in the

; 851PCT/ 4U2005/ 001825 7 sorbed and
madfEbe LeighAO0R 1000

ure at I ch sorption occurs. The quantity of
hydr ogen sorbed i's expressed in terns of alloy

PCTCsiandss fdr i“pressueé-chraposiitorsisothemili énd slidvls €fe hiasin@e rhydrogen

atons to the n er o ns_in the base net 1oy, .
ans IHRATE cArRGh BRmRHRE ot 61 TY RS (TR WEESTT ait Spogition i
higheeitigint thae et desorptitsi and ShePEgist afidise fplateau” indicates the range

-C o LiLOn- 1 ' and shows the nmaxi mum
su'%@%fﬁgg%n{:&g o%g‘%g?ir%%%%aé@g%¥§rl%‘ossi ble at a fixed
tenperature. The pressure At absorption is higher.
Mosk beihe hiyarbgét is GRSObRE irDa range WHRe HREd RNitRf prédire change. This

"plateau" indicates the range suitahle for practic i
recigh 7 158 PRISEIS TSRS (ol ONL 25 NS Py EPeR, QA ucide
formadtisn lisbaisb acrzompesiag by Wisteresishehiehiappéars tak ehepdifsmce between

“hi ' tant pressure is
the &%&%S%osmtﬁﬂgﬁgﬁ%%nég% %9’32@%%2&%&?5’% hydri de formation
is al so acconpani ed by hysteresis, which appears as
Exdnipie ¢li f ference between the upper absorption curve and

the | ower desorption curve. Exanple 1

An unmodified magnesium alloy containing 14 wi% Ni was subjected to a 2 MPa

hydrogen atmosphere at 350°C for a period of 20 hours. The pressure composition
temperature data was recorded and shown in Figure 1.

From Figure 1, the activation time (At) of the alloy can be determined. The “Activation
time” indicates how quickiy an alloy becomes “ready” for use as a hydrogen absorption
alioy. Shorier activation times save energy and are indicative of fundamenta! material
differences in the kinetic performance of the alioys. Note that activation is generally
required only once in the life-cycle of a hydrogen storage alloy. Once the alloy has been

activated, the hydrogen absorption time is significantly reduced as evidenced by the last -
cycles of the run.

Examples 2-6

The magnesium nickel alioy of Example 1 was modified by the addition ‘of a refining
element.
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. An unnodi fi ed magnesi um al |l oy containing 14 wt % Ni

subjected to a 2 MPa 15 hydrogen at nosphere at ﬁégﬁ?ﬁ%&ﬁi/ggﬁg
for a period of 20 hours. The pressure conposition
tenperature data was recorded, and shown in Figure 1.
From Figure 1, the activationtinme (At) of the alloy
can be determ ned. The "Activation tinme" indicates how
qlrbdskt ghoas thg refifing eletepisant tba atiitibrorateausfahateleamdny.dr ogen
absorption alloy. Shorter activation tinmes save energy .
arl]ci)ﬁaie i ndi cative of fundanental material 20

di f¥%rences in the kinetic performnce of the alloys.
Note that activation is generally required only once

T thetife-cycte ofa hydrogen—storagerattoy—6nrce

{ Bareple oy has been aRefiveg elémenhe hydr ogAdditidrsratept i on
me 1S significantly reduced as evidenced by thetast
¢9cl es of the run. F%‘érrpl es 2-6 8 Tabl ¢2400sPR5hs t he'
Sfi ning el ement and,the addition rate 3% t hat

sPement . Table 1 Exahfl e Refi ni ng el emenPPRRRINt i on

rgte 2 Na 2400 ppm |,

800 ppm
5 Eu . |600ppm
6 Zr : 2wt

The activation time from these examples is summarised in Figure 2. From these results,
it can be seen that activation time can be reduced to about 40% of that of the
unmodified alloy (from Bhours to 3.8hours). Hence for allbys at least up to the addition
rates the activation time can be significantly reduced. This is of practical significance but

more importantly it is indicative of the superior kinetic performance of the modified alloy.

When the data collec’tgd in the above examples was analysed by reference to the

absorption curve only, the graph shown in Figure 3 was produced.

PCT curves (absorption only) at 350°C show all six samples can absorb around 7 wt%
hydrogen. There ‘is littie difference between the samples. 100% pure Mg absorbs 7.6
wit% of hydrogen and 7 wt% of hydrogen absorption is close to the theoratical fimits for
a Mg-14 wt’% Ni sample. The Mg primary phases are regarded as the hydrogen
absorbing phases and eutectic regions are considered to have a catalytic function
improving hydrogen kinetics.

The alloys of Examples 1-6, were then characterised at 300°C and 250°C with the
absorption results shown in Figures 4 and 5 respectively.
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activation time fromthese exanpl es is . summari sBereived 06 October 2006
Figure 2. Fromthese results, 5 it can be seen that

activation time can be reduced to about 40% of that of

the unnodified alloy (from 8hours to 3.8hours). Hence

for alloys at least up to the addition rates the

abt layer | BmpeRiHses dherBeis s? giticldasadt dapacitydier eahsomlios tius a large

OfiffereAsd inCitirfotrhatiefdeaARRSIBIL, TR ﬁc*r'Ha or@ﬁédrﬁ(ﬂon o@ at 300°C

i ndi cative of the superior kinetic
bR %‘HW%FWedV‘Pf%@ﬁ”ttOﬁ éycwm%v %Qﬂorrél@n é'eml N7 wibe (urmondified) to 6.6

exepml£aighaa antetnRetod)r b 8feeeeel the 10
absorptlgn curve onIy,'Jgt he grapg\@fhom in Figure 3 was

produced.
5 Figure 6 is 2 summary of the maximum hydrogen absorption capacity taken from the

results shown in Figure 5. It can be seen that at 350°C the maximum hydrogen storage
capacity is similar (around 7 wt%) for all samples cast.

At 250°C the modified alloys are superior and the maximum hydrogen capacify can be
~ increased more than 1 wt% relative to the unmodified alloy (from 5.3 wt% to 6.5 wt%).

10 Even at 200°C {(up to 2MPa condition), the samples are shown to absorb approxnmateiy
5.5 wt% of hydrogen.

in regard to the desorption temperature, usually, at a' fixed pressure, absorption
temperature is lower than desorption temperature. The exact temperatures will vary
depending on the pressure. Figure 7 shows the relaﬁonship between adsorption and
15 desorption for the unmodified Mg 14Ni alloy at 0.2 MPa. The adsorption start -
temperature 1 is usually higher than the adsorption end 'témpérature 2. When the alloy

then goes through the desorption cycle, the desorption start temperature 3 can be seen

to be higher than the desorption end temperature 4.

In the representation of the modified alloys of Examples 2-6 relative to the unmodified
20 alloys, it can be seen that the desorption end temperature (plateau region of Figure 8) at
0.2 MPa decreases approximately 20°C with modification. In fact, the desorption

temperature for the Mg Ni alloy can be reduced by trace element additions.

The addition of the modifying elements increases the amount of internal interfacial
areas within the material, the amount of stacking faults and the density of
25 dislocations/twins in the solidified magnesium-nickel alloy. It is believed that the refining

element should have an atomic radii in the range mentioned above in order to achleve
the metallurgical effects in the as cast metal.
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PCT curves (absorption only) at 350C show al| si xPCT/AU2005/001825
sanpl es can absorb around 7 w % hydrogen. TherRegeied 06 October 2006
little difference between the sanples. 100% pure My

absorbs 7.6 wt % of hydrogen agd 7 wt % of hydrogen

absorption is close to the theoretical limts for a
I\/g 14 wt% Ni sanpl.e. The My prlrmg; phases_are
By dpPereeFead ﬂ*ﬁéoqamog%%eis%b%r dignprasiistigigg in the SEM

f?rh'ér@%rbblfs m@ge@g@) %ﬁ FIae Bdﬁﬁﬁﬁwet%mﬁﬁgﬁa&rﬁ[@hﬂiff@d Fig 9(b)

unct | rovin oge L netics e 0 .

R St St S Ae T oS ol B 4B 6Bl e ey odium

dehort hreg @ku;oug hd GEM &% HiGHS ssbllownaddtlolﬁlg gtyueals o) as1dheéd SEM. for
spect | Ve y . | ower ; .
CaRpar aqaiiey and R 201 's S e dBEEH =gt ig FYre the Mg 14 N

a:lamﬂlﬂéd allbybot highdranggnifitiafibrer g ceh)i i tpendvorsodinmeaddition at the
ween a CT curve (absorption only) at

%&r @F%ﬁﬁa?gn %fF\AQS(the i mprovenent of .hydrogen

absorption from 5.7 wt% (unnodified) to 6.6 wt% (Na -

anQJ'r‘e 9 GRovSEM Iseastdiatyl dtirofr imfagSs M\ﬁi’%é%‘atebwmg 15wit%Ni alloys of

B BT (Db TeaE 15 Az BT |1 o] PO poton,

FZ4©U;IS[Bn Ba ddditioanep8otReaNC4 hdtitiot: aﬁiﬁ@ﬁbddp@mnaxadﬂiﬂiﬁn alloys. The

TUO0R. BAREEE AR Yl T Bl QLK Yt By e

S Mpevig i aukdcttdwestmtmeniﬁh& hipthoeg e plegdp atsntonstata Iae very refined

lifh%ﬁae?nfe%tlmgc‘?%sttrn@@/e]m \Qg%gfo%le téa Ets%v[érﬁgreld%d{_}%ﬁge eutectlc'

tmlcmctw@mdthﬁll@ﬁpd'ﬁ@%éaf@ﬁiﬁpl es are shown to absorb
, approxi mately 5.5 wt % of hydrogen In regard to the

n_tenperature, .usual flxed SSur,

BLBiBr RobBB T Bl Lentt®, Brrusierl B et PR T W for e
t maxxmuat hydmgefflaesww‘mntcapemeﬂ'ae tefiesmannt| df theagtyucture, even at trace
d n [ N

EPE PE AR 5 Forale g re PO vp I HBe b Sppgnos piow wm
t e mftarmoba‘lqvecﬁowgnm4mhual Boyarax-so@lez meRgial TSh@btamed through the

t Ay ki 'y higher than

¢ PRy &) Ak chARaha el ool (ML, X "oy then

goes through the desorption cycle, the desorption

start tenperature 3 can be seen to be higher than the
desorption end tenperature 4. In the representation of
the nodified alloys of Exanples 2-6 relative to the

unnodi fied 20 alloys, it can be seen that the

desorption end tenperature (plateau region of Figure

8) at 0.2 MPa decreases approxinmately 20C with

nodi fication. In fact, the desorption tenperature for
the Mg N all oy can be reduced by trace el enent

addi ti ons.
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The addition of the nodifying el ements increases the
anount of internal interfacial areas within the

mat eri al, the amobunt of stacking faults and the
density of 25 dislocations/twins in the solidified
magnesi um ni ckel alloy. ‘It {6 believed that the
refining el enent should have an atomic radii in the
range nentioned above in QLAgMS 0 achi eve the '
netal lurgical effects in the as cast netal. Anended’

1. ﬁhﬁéﬁhcécggfbérﬁhhcin?a hydY®gbREtS ﬂnﬁtéﬁ*ia‘?’ﬁrﬂﬁﬂiiﬁé’g‘?éewlsteps of:

cause e additions®is i1llUstrated in the

m crographs Figures 9(a)-9(h). Figure 9(a) is the SEM
. ' hWE ke Fl_Hi S the SEM for the
ggﬁrpéwgﬂ]hwvﬁ“tt{e@ﬁhég@%'@nE'CE%')SFE" 9(c) is the SEM
for low sodiumaddition; Fig 9(d) is the SEM for high
. . i ;0 F. g r . ¥ . 1 _ . - .
206Ird"YBOL 2 s oy ARG clefpqptiio il Wi apA8l & Bh-oxiising
atmosplh@k, ithe trbfinikg dlénisdint iravird) fainedtoahit apdifs withinethe range of 1-1.65
, magni fi.catjon;  Fig 9(h) is the | ow sodium addition at
times W@tﬁméﬁd'%ﬁﬁm%@&%l‘%?r of Fig 9(g): Figure 9 shows

SEM secondary el ectron i mages of hypo-eutectic ‘
- 14wt 9N al | oys of ( angd ( unnodi.fied,, (Db)
it oRRITISRY SRS B LRSI O & Na.ds. Ba, Ca, S,

. 3 QST Sl ABUPI S s st cne aver

elemeht ipusadd gaowp;@nidary My dendrites and small bl ack and
white contrast is the My- MJ2Ni eutectic structure. The
i mges clearly denonstrate a very refined fibrous
aaistng ithee mettrtogirodocetree hydaigenratolialgeedatesiapl es
conpared with a coarse eutectic mcrostructure in the
unnodi fied sanple. 15 Al nodified sanples show a

2. IEieakietitod BPERAMERWhesin AR Mg medi@hynidkeltrielt ebntdiss nickel within
maxi mum hydr ogen absorption capacity. The refinenent
the rapge phereateribenrzeroewda 2%t race | evel s of addition is
consi dered quite remarkabl e yielding eutectic spacings
below 1;.i.mand often bel ow 500 nm Thus, a o
3.  nEmmataded ofrgtadmi hwhieseip shaimagdnesivoorjpkelaelt contains nickel within

knatdon, of an alloy nodification and a casting
the rafigfBE AB'2M %o lict Seet i 1 Pr ATT 11
4. The method of any one of claims 1 to 3 wherein the refining element is Na.

5. The method of any one of claims 1 to 4 wherein the refining element added at an
addition rate of up to 2400 ppm.

6. The method of claim 4 wherein the refining element is added at an addition rate

of from 600 ppm to 2400 ppm.

7. The method of any one of claims 1 to 4 wherein the refining element is added at

an addition rate of up to 500 ppm.
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CLAI M5 1A nethod of produci ng a hydrogen storage
material including the steps of: formng a -
hypoeut ecti ¢ magnesi um ni ckel nelt; addi ng up
to 2w %of arefining element to the nelt under a
non-oxi di sing 5 atnosphere, 14 he refining el enent
having an atom c radius within the range of 1-1.65
8. i poauiectia mapResiHA Diskekalipyprnsisling essentiall of east
one el ement selected fromthe group consisting of Zr,
Na, K, Ba, Ca, Sr, La, Y, Yb, Rb, Cs and _Eu wherein Zr .
i s us@EEHRI yham ZepANthPole Wi Wh %Atof| adefinpgeciemest, the refining

ctome] S58F ATSEFE, AIPY B4 ARRA 1y 65,k B8 s ras o

magnesfiuro] ai m 1 wherei n the nmagnesi um ni ckel nelt contains
nickel within the range of greater than zero up to
20% 3. The nethod of claim1 wherein the ‘
tisey edining: rElerkent reling cainteasts one cklementt Belectdw frangéhe group

. of 10- wt, %, 157 4_.The oq, of . an e of clains 1
consisfigo 37 281 5 BReCReRl ihing N nCS 8BS, 5. The
net hod of any one of clainms 1 to 4 wherein the
fini el t ded at. an addjti t f t
&v I 31:51% |%6c?n x—ﬂéeﬁg@ %Qmata@g@qrgyvﬂb @It\(xg%%tg?q% gﬂlgl#%lergent from said
group;f&d ning el ement is added at an addition rate of from

600 ppmto 2400 ppm 12 8. A hypoeutectic nmagnhesi um
ni ckel alloy consisting essentially of:

grp@eh%rncbhﬁggﬁ@sﬁ@m% gﬁg&@ﬁg iﬁfgu‘%ﬁieé a refining

el enment, the refining ving an atom c radius
in the range of 1 to 1.65 tinmes the atom c radius of

9. ﬁ‘?’%nﬁl%pHE%iluﬁ’i ﬁ%géf?;lildy ?ﬁclﬁhﬁ ERheRSh AR id 5A¥enPan amount of
el enent’ selected fro e group
greater than zero and up to 20 wt%.

10.  The magnesium nickel alloy of claim 8 wherein nickel is present in an amount of
10-20 wt%.

11.  The magnesium nickel alloy of any one of claims 8 to 10 wherein the refining

element is Na.

12.  The magnesium nickel alloy of any one of claims 8 to 11 wherein the refining

element added at addition rates greater than zero up to 2400 ppm.

13.  The magnesium nickel alloy of any one of claims 11 wherein the refining element
is added at an addition rate of 600 ppm to 2400 ppm.

14.  The magnesium nickel alloy of any one of claims 8 to 10 wherein the refining

element is present at an addition rate of up to 500 ppm.

15.  The magnesium nickel alloy of any one of claims 8 to 14 wherein following the
casting step the alloy as cast has a refined eutectic structure with twinning in the

magnesium-nickel intermetallic phase.



10

15

20

consisting of Zr, Na, K, Ba, Ca, Sr, La, Y, Yb, Rb, GCs
and Eu; wherein Zr is only used in conbination
with at | east one other elenment fromsaid group; and
t he bal ance magnesi um and incidental inpurities. 10
9. The magnesi um ni ckel all oy of claim8 wherein ni ckel

is present in an anount of greater than zero and up
16. éohvﬂfﬂgenlﬁoraﬂ?e mgt§Hak faTmet o8 aarcpsy ”&ﬁgf@%‘fﬁr%‘?ke' a"Oy the
alloy bm@rfhﬁp&lﬁgaﬁc hm%g%@ﬁx%‘hldk%lé WEFU@ﬁn f10-20 wt %

e magnesi um ni ckel al any one of clainms 8

to 10 V\herelnthereflnlng 15 element is Na. 12. The

magnesgj I n I

whor opLAe Ut zefe o G (81 6% ¥ & (B fTRpCelbfet the refining
elemenyr leatieg anhatonzierradiys inothe4Gmgepaf 1 t031.65htimeadhe sitomic radlus of

nickel alloy of any one of clains 11 wherein the
Magn&sgiin; ng elenment is added at an addition rate of 600

ppmto 2400 ppm 20 14. The magnesi um ni ckel all oy of

P gPESioR: clirart SRid i dn'Sac00F HBMEsBBIeRtH Tom e group
cons;sﬁﬁg Eth rmnesaalrmalsma & Yoy RY, Gyan@ee; of claims 8
4 wherein follow'ng the casting step the al l oy as

cast has a refined eutectic structure with twinning in

%ﬁ%r@‘ﬁ%ﬂ@dﬁ’? D564 %h oM aRIAIth @t iRt ®ne ét%er Eeméht from said

rogen storage material fornmed froma cast
group;reghesi um ni ckel alloy, the alloy being a hypoeutectic
magnesi um ni ckel al l oy incl udi ng:

the balance magnesium and incidental impurities.

17. The hydrogen storage material of claim 16 wherein the alloy, as cast, has a

refined eutectic structure with twinning in the magnesium nickel intermetallic phase.

18. The hydrogen storage material of claim 16 or 17 wherein the hypoeutectic

magnesium-nicke! alloy contains nickel in an amount of greater than zero and 20 wt%.

19.  The hydrogen storage material of claim 16 or 17 wherein the nickel content of the

hypoeutectic magnesium nickel alloy is 10-20 wt%.

20. The hydrogen storage material of any one of claims 16 to 19 wherein the refining

element is Na. ~

21.  The hydrogen storage material of any one of claims 16 to 20 wherein the refining

element is present at an addition rate of up to 2400 ppm.

22. The hydrogen storage material of claim 20 wherein the refining element is
present at an addition rate of 600 ppm to 2400 ppm.

23. The hydrogen storage material of any one of claims 16 to 19 wherein the refining

element is present at an addition rate of up to 500 ppm.
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greater than zero and up to 2 wt A) of a refining

el emrent, the refining elenent having an atom c radi us
in the range of 1 to 1.65 tinmes the atomc radius of 5
magnesi um the refining el ement being at | east
one eI ement selected fromtfge group consisting of Zr,

24 fypeltiog %rmcgrfwﬁwhei’werqq%ammﬁ?r&nd?rrrtcr%sgrpq%gfearactensvcs
ofa hyﬁgéu@chéh SrdERith ricknaney %cgu&HQ’thé‘@,Eef%%fhe bal ance
gnesi um and i1 ncidental 1npurities 7. The hydrogen
storage material of claim 16 wherein the alloy, as:

%ﬁ@fnﬁetb"‘sa %gb%febfé%ﬂc erHESﬁéérErn?hl’dR@F W&t Wi Ntot W \W/f%ngf a refining

magneési um ni ckel “intermetallic phase. -
elemelhf(ydndg!eni sooragdisingt sthasphugrecithe niefigingr elernerrrtenawng an atomic

s LI G 1 B R e MR Al Eraff o o 0 o,

15 19. The hydrogen st or age materi al of claim116 or 17

n. t he nrck -cont of, the oeyt ec
IS B FITRENT B0 T 1o BTG, BN, Siatag) drasgele oroup
consrsﬁﬁ@bﬁme N&teral caf sany, Grne(b)waI@s BREQ;t0 19 wherein
he refining elenent 'is . 21. The hydrogen
storage mat eri al of any one of clains 16 to 20 wherein

Wh%rérﬁfzmrb%@@sﬁh SRRBMYiSattire WA tataéagbrRAginer %‘ﬂerﬁéﬁﬁfrom said
up to 2400 ppm 22. The hydrogen storage nateri al

group, cﬁndcl aim 20 wherein the refining elenent is present at
an addition rate of 600 ppmto 2400 ppm 14 24. A
nmet hod of nodi fying the hydrogen absorption and/ or
dastimptheomelitamaodecd tite medifedanbgpesumenicke! atynesi um
ni ckel alloy including the steps of adding to
a hypoeutectic magnesi umnickel nelt, up to 2 wt%of a

25. [IMTaei nmeghed ewéntmaouifidémg ath@n-hydrcmg@ ngbmmepheami/ort hdesorptlon
refining element having an atomic 5 radius within t
charaqterrlfg@s AT 8 RIHSSIUMBIC ?hé"%)f ghelainp 28§ Waergin W@gwe%emﬁntent of the

hypoeh{%%tré?ne%dﬂée%rﬁlrﬁw%n 'i Ater thaf ze ?@%n@'rﬁ;‘f’gﬁg Wéé’;

romthe group consisting o
Ca, Sr, La, VY, Yb, Rb, Cs and Eu;

26. The method of modifying the hydrogen absorption and/or desorption
characteristics of a magnesium nickel alloy of claim 27 wherein the magnesium-nickel

melt contains nickel within the range of 10-20 wt %.

27. The method of modifying the hydrogen absorption and/or desorption
characteristics of a magnesium nickel alloy of any one of claims 26 to 28 wherein the
refining element is Na. B

28. The method of modifying the hydrogen | absorption and/or desorption
characteristics of a magnesium nickel alloy of any one of claims 26 to 29 wherein the

- refining element is added at an addition rate of greater than zero and up to 2400 ppm.

29. The method of modifying the hydrogen absorption and/or desorption
characteristics of a magnesium nickel alloy of claim 29 wherein the refining element is

added at an addition rate of 600 ppm to 2400 ppm.
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wherein Zr is only used in conbination with at | east
one other elenent from said group, and 10casting the
nelt to produce the nodified nagnesi um ni ckel all oy.
25. The nethod of nodifying the hydrogen absorption
and/ or desorption characterjstics of a nmagnesi um

ni ckel alloy of claim26 wherein the njckel content of

ihe hipsthast eet | enogilyingsi the nihyREagesy | ahserptigh egnd/or  desorption
. . . f .
S TRedat gty o) 8 iR 2E o8 yperein te

refining ledgracheisipseserst atfanaadditipre saterofnipcioed0Gapproy of cl ai m

27 wherein the magnesi um ni ckel nelt contains nicke
within the range of 10-20 wt /0. 27. The nethod of
nodi fyi ng the hydrogen absorption and/or desorption

- characteristics of a magnesi um ni ckel alloy of any one

of clains 26 to 28 wherein the refining elenent is Na.
20 28. The nethod of nodifying the hydrogen absorption
and/ or desorption.characteristics of a magnesium

ni ckel alloy of any one of clains 26 to 29 wherein the
refining element is added at an addition rate of
greater than zero and up to 2400 ppm 29. The net hod of
nodi fyi ng the hydrogen absorption and/or desorption
characteristics of a magnesi um ni ckel alloy of claim
29 wherein the refining elenent is 25 added at an
addition rate of 600 ppmto 2400 ppm 15 30. The

met hod of nodifying the hydrogen absorption and/ or
desorption characteristics of a magnesium nickel all oy
of any one of clains 26 to 28 wherein the refining
element is present at an addition.rate of up to 500

ppm



