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WO 2006/060851 PCT/AU20051001825 1 Magnesium alloys for
hydrogen storage Field of the invention This invention relates to hydrogen
storage materials and particularly relates to a cast alloy which can be
used as a hydrogen storage material. 5 Background of the invention As
the WM& HBHulation expands and economic activity incresReAHT8UCAES
ever increasing signs that increasing atmospheric concentrations of
carbon dioxide are warming the earth causing climate change. While the
eventual depletign of the world's oil and. fossil fuel energy sources will
inevitably requird3ENESILIAFHRYSEREHYGIREen S10FAIR UNd, the
more noticeable signs of global warming have increased pressures for
global energy systems to mgve away from carbon rich fuels whose
combustion produces carbgﬁemcﬂﬁéi?d@ﬁwegrbon dioxide gases.

THX%Q%M ’P&E@é@'iﬂ%ﬂﬁ& a5 ARALRIINGIE SIARGIS R RERIROIO, cast

eventually be a replacement for petroleum based fuels. However, there
allow WhiPLEFR LA %@Eﬂrﬂﬁé’i RygrRaerioRaR IRRIRYR that must be overcome

before hydrogen can be adopted as a practical fuel, the main obstacle
being the development oéa Klable g en stora e system. While
hydrogen can be stored asatom ess gas or a liquid, the former

FRCHPIGSE éa&%uwwm@xaaw%dat%&%ﬁn@rg&;wwsé&m%@em ever
reduugq e VI nmenta bq{neflt% In addition, both g eo angm%e are

“Pﬁla?aa e 8]0) en Ié:lr Baa ger%}as I'iClC?DBBE{\'h“aﬂOR e S Pa
wamirdShscarifinrising ﬁmtfmbﬁ@% et mgmf@ﬁhwpéﬁj@n gfdk@g@orid s
o dadSteua Hualenarsgkbmede Nalsne\asly retliialeshaitadaydraRemalgy sources
e L B RS ISl SOTPRIBE AN ABSOTD, o
aPgeguantities of hydrogen ina s 50| orm. The stored hy

Qi@?@‘béﬂ%%hﬁ@%ﬁ%ﬁ“réﬁﬁ%@ﬂ?@ﬁﬂﬂy ﬁ%’ﬁﬁﬁg il ARy, Qf&%é‘éﬁ‘%ﬁ"m
gvsliegess asmraoHaxijalaste o p v ygieater weight percentage
storage than compressed gas. However a desirable hydrogen storage

Hr?é’l}%éﬁl emngrsg}ng \é r%crt]!J gt] Q’g%a %gg{ o? %esrésﬁggéesugx%%%{tgg ;IfC?8 g\?enfually be a

replacement for petroleum based fuels. However, there are still several technical issues
and bariers that must be overcome before hydrogen can be adopted as a practical fuel,
the main obstacle being the development of a viable hydrogen storage system. While
hydrogen can be stored as a compressed gas or a liquid, the former ocoupies a farge
volume and the latter is energy intensive fo produce, reducing any environmentai

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

A safer, more compact method of hydrogen storage is to store it within solid materials.
When infiltrated with hydrogen at relatively low pressures, metals and inter-metallic
compounds can absorb large quantities of hydrogen in a safe, solid fom. The stored
hydrogen can be reieased when ‘required by simply heating the alloy. 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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2 storage capacity relative to the weight of the material, a suitable

desorption temperature, good kinetics, good reversibility and be of a
relatively low cost. Pure magnesium has sufficient theoretical hydrogen
carrying capacity at 7.6 wt %. However the resulting hydride is too stable
and teCtiefePBitre must be increased to 5 278C for the hydrogantmHen182s
released. This desorption temperature makes such materials economically
unattractive. A lower desorption tempe?ature Is desirable to not only

reduce the amount of energy required to release the hydrogen but to
enelsRe tHerehibiefRidivR alforits ewplahbt pedhiromaleriabics tauitiblesalgserption

hyengeiné; gotdctRetics, PYLR RRIGRAFIY BN BLONpaLAkM aRNibhas a
reduced hydrogen storage capacity of 3.6 10 wt % but, importantly, the

ts erature r, ed%%g'l drogen release is decreased to less than that .

R T RO e T R BRI TSR SETAR8 SRRVl (B8 e %.
iHevtereththdorneition fdeddidy topdsidblpanitiits, feenpdmgtifeandsvig? Mittdased to
inibec %Pr@@terierR%&%%t@ae@Hom&%&%&hﬁmﬁm@%&@ such

pﬁ%%g“{%%g#g’ B g—r{%ﬁ%‘éﬁ %15&%?%%%%%5%@&@ desirable o not

TP Eefutt dhel grndettoyseoerm stiqy isidnia gelessminechydeeridasg to enable the
sstrgedetisavde brathMaMeN sHiRgicelhe saally &@lﬂ?gfpg@(g@cmpared to

amounts of hydrogen, S|m|Ia n SIU and disp
g ewhgdrog%{‘ﬁ A SRS plg@ ﬁ’%ﬁg ced hydrogen Stg’ra“e capacity of 3.6

m@@ém@dammntmémm@t@wmmrw, hsirogers epasateig Gecreased to

n@d@mf@raeaﬁbmbmdéﬁﬁfﬁiv&ﬂamhwd &hﬂ)@@&éﬁ %M%ﬂi iBfa8ved to
sa C impr icsS O ra gnsfer

magr'?es?&r%ar}lcﬁ' id ph segsv% Iﬁhﬁsﬁz o'r{nt‘a? bﬁ%T réafid tlﬁpggy“ in_ the

éﬁ!fé‘eﬁfﬁ'ﬁéﬂr?esearch [See review by S. Orimo and H. Fu1| Applied

Physics A 72 (2001) 167-186] using nano technology and powder

nretadi Wﬁﬁ@ﬂ%&é‘%s@t(’i’d&% %%@Sb\y'g}illﬁég?emﬁﬂ&land quenchlng
interf C|al areas he % %/qﬁées are attractiyé because they res
't

IBRE ‘?SPféfé’S as Matapal TaTﬁﬁ?éﬁfﬁ‘?E?ﬂe"f@é@%l:Wé@ 1747]
dis|lguatiuess diydaedisstiohiigroaliodistibosisiigenfiamagtebjets rich dendrides

thipiaRasd thy RisresiMeIMENNahigheela NaNG2 MURBPISRE amounts of
mﬂgrogen. similar to pure magnesium and display only a single hydrogen absorption
plateau in the pressure-composiiiontemperature (PCT) curve, ie. not separaie
plateaus for each phase. It is believed that the nickel and/or MgzNi phase acts as a
catalyst, improving the kinetics of hydrogen transfer into the magnesium rich solid
phases via MgH, formation.

This realisation has encouraged research [See review by S. Orimo and H. Fuji, Applied
Physics A 72 (2001) 167-188] using nano technology and powder metallurgy ’cechnic}ues
to produce materials with large intemal interfacial areas. These techniques are
attractive because they result in large interface areas and they introduce
crystallographic defects such as dislocafions 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 confrol over the crystallographic structure of the phases (je. inteffaces,



- on the kinetics-of the reaction. Unfortunately nano-scale powder
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Received 06 October 2006 3 twins etc), the powder would be highly
explosive and would be prohibitively expensive for large-scale mass
production of commercial hydrogen storage components. None of the
research rge orted to dateig%g%d rs methads QX whic[gi rgé%kéer

F ihitively expensi
pé‘?fg?n%ia ce e@%o%re‘ﬁos orage‘%&%%’éun%‘oﬁ S c:ar%i Be upro g)cg] EBisllngylo R ove

cdet lroesssissasierospisiicabletingiasd hrewdeficionds apivisrtiss None of

thepreseatdpveniandopravide @ agablenMediisallgy witthinpieseerformance

hydrpgen storage capabilities. Reference to any prior art in th

SRR oS AR LR & R e Rl . oo Shre e gRisises more
5 arapibieablofempge stieduetiar this prior art forms part of the common 10

general knowledge in Australia or any other jurisdiction. Summary of the

iNyeUAN ACEOFFING I9ABR: FRREEEARS IRYEBNN LR WIS Ai89eiAdrRfroved

producing a hydrogen storage material including the steps of forming a
- mBgHeeRRReRIGEFRRRIEYing additions of at least one refining element,

the refining element being able to promote a 15 refined eutectic structure
withigereased:iwiprtigin ithBenagriisutionnicket intersetalingphasmendas, an
solidify AR YNELREldo A DIFe0RY SiPraRR masahuth
saléiJ %ﬁ%@@ﬁctip structure. Inlg%zr}le %referred,egmbodiment,rpr% ommen
10 magRalimPieRes MALIEFR AP HYsE LESIEH N adding nickel to the |
magnesium melt to produce a hypoeutectic magnesium-nickel alloy 20
(ie. greater than zero - 23.5 g/t% Ni %?rtﬂoqre,nisig% the magnesium-nickel

melt, and adding the refining EEMant or'efements 10 the melt under a

PrajeeivRANeRPhSIE Atnaddition Rty BrareRIemBARISrRBRGY 1 R/drogen
wide and preferaply greater tnan, zero and less tQa%E%%ﬁprmhIﬁ It havin
reﬁﬁﬁ&%lg}%gﬂ? ha5 8N Bomic fadius within the rangg STAbOUL I .65 g
tinagditions of at least one refining element, the refining element being able to promote a
15 refined sutectic structure with increased twinning in the magnesium-nickel intermetaliic
phase and solidifying the magnesium-nickel melt to a hydrogen storage material with

said refined eutectic structure.

In one preferred embodiment, the magnesium-nickel melf is formed by the steps of
adding nickel to the magnesium melt to produce a hypoeutectic magnesium-nicke! alioy
20 (ie. greater than zero — 23.5 wi% Ni), homogenising the magnesium-nickel melt, and
adding the refining element or elements {o the melt under a protective atmosphére at
addition rates of greater than zero and up to 2 wi% and preferably greater than zero and

less than 500 ppm.

The refining element has an atomic radius within the range of about 1-1.65 times that of
25 magnesium. It is understood that refining elements with atomic radii within this range
will provide the refined suteciic 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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ooane28a7 25 magnesium. It is understood that refining elements with atorpicTadizoos/001825
~ ~ within this range will provide the refined eutectic structure @isgsiiasioth OGetober 2066
above. The refining elements are selected from the group comprising Zr,
Na, K, Ba, Ca, Sr, La, Y, Yb, Rb, Cs and rare Amended Sheet IPEA/AU
004002687 PCT/AU2005/001525 Feceived 06 October 2006 4 earth
elements such as Eu. Zirconium is added to grain refine the magnesium
eat)RIBReBRPWRES (e d FeelinBsHRIdss e RaRSRITS fhe BRARHT RSkl
atheBsauReiNanatheidans chdhein\wnipalenanisrivvidéha gnethod of
producing a hydrogen storage material comprising the steps of forming a

hypoeutectic magnesium nickel melt havin additions of at least on
BT ETBRTBD R AR A AR R S R & Y s et
nthiatiaf coragrirsiire shepsadifirigiokmbyndseiisgtiorovaresmmickabialt having

5 LA0dition atesoreRiaLnaR ZRaand P2 whikandipssiarablydesadhan 1-

2400 and ferably | than 500 d tina the.
1&%&;@%&;}%? : k %’i%ﬁﬁﬁ%ﬁ%ﬂﬂ g{é@?ﬁt%%n%?r@\%e in the melt at

inbo ects IS a castin
agtitfprviaee theniereteaniszesseby wp 10 Suitabl@piovetairbisirgs pattiitgand

oo feshiasiedneiallisomppid areelisihihesasiiigsidheisaiciying step
may be other controlled solidifying processes. However, once the alloy
has been cast it is then subject to activation 3€r31d u% as a hlxd 9eN i by a
T S TYREERRI T RBIRRPRS S Srd SBRM TRt WSS &% 81 tich vt Y
10  satailarerntiodirvehtasfrberiny etriorehtried imeiedindectidhgentiyeie casting.

ﬁ@@?s‘ﬂ&fﬁ“@yst@f FRINREI SRSt RRD RSN @8aeH hadbeata NpReUseCtiSce the
magnesium nickel allo havingegr?aterlh@ zero,and up to %

ar@ﬁnliﬁ'ﬁ gfgﬁ]gﬁﬁttﬁ ésr 4 ﬁ’ﬁné‘* tivation and Use.ds a,. \élrt 3%8 fs"%orage

emeontaﬁaV|ng an atomic fadilts oFabout
riae/68. fieslidvas plefesphesierindhel ap BRIEeE magnesium and |
incidental impurities. The refining additions are selected from the group of

iﬁ(&i&lﬁ’l@lﬁ'@%ﬂ{)&lﬂeﬁrD*‘%’!GY'PH¥Q’\5(%Q RRrLR gl iaee sarb sirmen iy

dition rates greater than zero and up to 2 wt% and preferably greater .
15 QR BERD S SOAT200 T BEEHLF At RaP v SIEy having

greater than zero and up to 2 wt % of a refining element, the refining element having an
atomic radius of about 1-1.65 times that of magnesium; and the balance magnesium
and incidental impurities.

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 fo 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

zirconium.

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 Mg.Ni
intermetallic phase. It is thought that increasing the refinement and crystal defects in the

MgNi phase catalyses the hydriding reaction in the magnesium rich solid
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zero and less than 500 ppm. The more preferred addition elements are
sodium and zirconium. 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 Mg2Ni intermetallic
phase. It is thought that increasing the refinement and crystal defects in

the {psbiRhase catalyses the hydriding reaction in the magpesiyEisiss
solid Amended Sheet IPEA/AU WO 2006/060851 PCT/AU2005/001825 -

5 phases of the alloy, thus increasing he capacity of the alloy for
hydrogen uptake and the kinetics of the hydrogen absorption.
fHephdre akorhdhumiesiahisngriveucah tify ot dstingsothfigatigRn uptake and

nfé)mgﬁcgtdsmernwﬂ)mm%pﬁwm viable process for large scale mass
production of hydrogen storage 5 components. Description of the

gé%\g%s and IPreferred embodiment Further features objects and
YELS R dRietaliintreaen Vil sastingcsalitificstionfroneass it is a more

foluvergptie saatpeiopradete forefaige dseand pabREHr8AGLASS BPRFANIBEN storage
5 Q&ﬁiﬁ(gﬁgﬁ@"ﬂ which 10 Fig | is a pressure composition temperature graph

of an unmodified magnesium alloy with 14% Ni, Fig 2 is a graph

summarising activation time at 350C and 2 MPa for Examples 1-6, Fig 3

is a graph oftiéedripioar Bt ik dRlviigdoSNd %&émg%m‘%@g}gms 1-6,

Fig 4 is a graph of PCT absorption data at and 2 MP xamples
ﬁuéhei@ﬁii@f%‘ﬁiQ%egﬁphdoﬁ@@ﬁaabsmfriﬁiemmmrﬁé@%ﬁmﬂi%m&é%pparent

foramplRMdvihg FiGipSEeh WARE SRR ISINGLE; ' ity t_
r’,ﬁg.'%@nd 2 MPa, Fig7isa grag# illustrating g@%eﬁ%?ﬁ%%%}g%?&%e%ﬁawmgs
absorption and desorption for unmodified Mg 14 Ni alloy,

10 Fig 1 is a pressure composition temperature graph of an unmodified magnesium alloy
with 14% Ni,

Fig 2 is a graph summarising activation time at 350°C and 2 MPa for Examples 1-6,
Fig 3 is a graph of PCT absorption data at 350°C and 2 MPa for Examples 1-6,
Fig 4 is a graph of PCT absorption data at 300°C and 2 MPa for Exampies 1-6,
15 Fig § is a graph of PCT absorption data at 250°C and 2 MPa for Examples 1-8,
Fig & 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 alloy, '

Fig 8 is a graph of the desorption data at 0.2 MPa for Examples 1-6, and

20 Fig 9(a)-9(h) are SEM micrographs of the as cast alloys of Examples 1-6,



~ wasszes7 Fig 8 is @ graph of the desorption data at 0.2 MPa for Examples 1-6patigh U2005/001825
N 20 Fig 9(a)-9(h) are SEM micrographs of the as cast alloys of ERasgpiné October 2006
1-6. 004882687 PCT/AU2005/001825 Received 06 October 2006 6 The
hydrogen storage material is produced ?z:ccording to the invention by
forming a hypoeutectic magnesium-nickel by adding nickel to molten
magnesium. The nickel addition may be up to 20 wt% and, preferabl .
101D® WidaRas IR Taas TR tﬁé’ﬁ“%&%&‘.i YLD 6‘3&%&& fagning a
5 Tpthistentgmesinesinickiekallby, trdwegeldnhehts oficitgstatiegraphy. The nickel
modifving-metelia) Arseardedhd brlapetsadded aradhoss thakishen mixed

the magnesium phase and_promote a refined eutectic structure with

indPAQUHRR MITINGSAIIRE Thagnesium-nickel intermetallic phase. The

range of elements satisfying the above two criteria have atomic radii
5ar%l4rnﬂi|§hﬁta§ﬁeaa9rmﬁa@$m, anpddIpiEndhd HgmtBMgaﬁmamaﬁwm material

and inc K, Na, Be, Ca, gr,_ La, Y, Yh, R s and rare ear i

eldhief é:P hzefhﬁre SH‘SBF%@??%’S%@ Les?éig%?egﬁgé %%’ﬁe;]h&o'?‘%eﬂ%%ﬁ%%%r%g .and .

mekoweig AT ¢ e pnibyehisevite WRearrPHMaTiRad DproRaRmm-nickel

a_trm%sﬁtéegmc grairg the homogenising step. The protective atmosphere is

any atmosphere which 15 prevents the magnesium from combusting.

Typical atmospheres inclu%e SFE6 and HEC- 134a. The metal is then cas
oy LSRR CHRTR] bAGLERT B0 e BELTRY RS CHEEgro0d it of

u as by pouring Into prehe

10metatiicesionland WHile! Bttivishiligttef hnpastierednd Bghitaciids thaokp ofa S
opesatongyt [scensidased thabR0rHaaingsarstsCrisiapAeinets civtesfaciased are
areas.and d{ggsé% of dislocations catalyses the hydriding reaction in the

magneSiu s scﬂ?c'fghases of the alloy, thus increasing the capacity

and kinetics of the alloy for hydrogen uptake. Examples The hydrogen
abJoeptioh ipbpagtalityd tidkecalmesisedharaiztenid ddld sindpeg pilitgitine atmosphere

during the homogenising step. The protective atmosphere is any atmosphere which
15 prevents the magnesium from combusting. Typical aimospheres include SFs and HFC-
134a.

The metal is then cast by a suitable casting procedure such as by pouring into

preheated metallic moulds.

While not wishing to be restricted to a particular theory of operation, it is considered that
20 the increasé crystal defects, interfacial areas and density of dislocations catalyses the
hydriding reaction in the magnesium rich salid phases of the alloy, thus increasing the

capacity and kinetics of the alloy for hydrogen uptake.
Examples

The hydrogen absorption of metal hydride alloys is characterised using equilibrium
25 pressure composition temperature (PCT) data. This data is obtained by keeping an alioy

sample at constant temperature while precisely measuring the quantity of hydrogen
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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 Amended sheet ]JPEA/AU WO
2006/060851 PCT/AU2005/001825 7 sorbed and the pressure at which
sorption occurs. The quantity of hydrogen sorbed is expressed in terms of
alloy composition, either as an atomic ratio of hydrogen atoms to the
nownlzessobEtoms in the base metal alloy or as the capacityrThyaeeigmsis
the material on a weight percent basis. 5 PCT stands for
"pressure-composition-isotherm™ and shows the maximum hydrogen
absorption capacity possible at a fixed temperature. The pressure At
sorkpdcmdidhieisrasiie rahwhich sominsserpyicon Bt qentityeinhytpgen sorbed is
exﬁl@@sliéal‘rﬁ' i&%@&iﬁ&lltﬁ}eﬁfﬁlﬁh}ﬂﬁd it&lﬂlditlr%félfsmba@ﬁﬁﬁrﬁ@fm teieegen atoms to
applications. Most of t ro [ sorbed,in a ra i
o R SISl W ats B SIBYRR SR TR W SIBIIRE 1 e
magerith eprreighipesantdasietal hydride formation is also accompanied by
hysteresis, which appears as the difference between the upper

PCAPSRHIO PR Q- R UNREHRRARRIAN SHAVShEV@ MRl &daAum hydrogen

unmodified magnesi alloy containing 14 wt%_Ni was subjected.to a .
SR AL BT o Bt AR AST ol G20 g Phon
highezsthare theinpodrisnptiem porhtilife Gaianwels thecoptteptndnsitaing ifhe range
sultd8ld Bl pEEaR sigHigeke iR aaiiyatiambtigne (At) of the alloy can be

determined. The "Activation time" indicates how quickly an alloy becomes

"ready" for use as a hydrogen absorption alloy. Shorter activation times _ .
Mastt BRdioaRn SraRIREHiTL DPRARMARIRISH AR LR PGS, This
retie: kifi etéap ecfetamdpessitkein oy ete e plattzatirdsigen el hydride

forRAHIER QRY QREmFRMNE |ﬁf‘rﬁhé%$é§fs@ NFPSIS SO ROt 8 ie ONSE HBveen
alloy has been activated l{ﬁ %dro en afgsorgtlon time is significantly

e
the dREE APSRRIRIHDRIA the 1Rupr drsRPIHsE SN,

Example 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 fime (At) of the alloy can be determined. The “Activation
time” indicates how quickly an alloy becomes *ready” for use as a hydrogen absaorption
alloy. Shorter activation times save energy and are indicative of fundamental material
differences in the kinetic performance of the alloys. 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 fime is significantly reduced as evidenced by the last
cycles of the run.

Examples 2-6

The magnesium nickel alloy of Exampie 1 was modified by the addition of a refining
element.
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Examples 2-6 25 The magnesium nickel allby of Example 1 was modified

‘by the addition of a refining element. 004882687 PCT/AUZOOS[@Olgg TAU2005/001825

Received 06 October 2006 8 Table | shows the refining elemen SR Oé6 October 2006

addition rate of that element. Table 1 Example Refining element Addition
rate 2 Na 2400 ppm 3 Na 600 ppm 4 &a 800 ppm 5 Eu 600 ppm 6 Zr 2
wt% The activation time from these examples is summarised in Figure 2.
Frshienbseorssiies e ineahrprnbeh ieaddiivatin el educed.
to about 40% of that of the -unmodified alloy (from 8hours to 3.8hours).
Henge for alloys 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

negifiggialloy. When the gmfﬁml@ém&mthe above iexgdnplestyas

10-absorption-curve-onty, the-graphrshown

n Figure 3 was produced. P®A curves (absorption only?#af 883C show all
samplesTcan absorb ardaynd 7 wt% hydrogen. Ther 0 little difference

efween the samples. 100% Bure Mg absorbs 7.6_wi%% o&ﬁ%ﬂmgpn and 7

S

b )

wt%o of hydrogen absorptionds, close to the theoretical lgpatgder a Mg-14
W

a

1 1 adloc-thatavyte =
t%-Ni-sample--Fhe-Mg-primary-phases-are-regardedras-the-hydrogeni5

bsorbing phases and euteckig regions are considered $884RR/8 a catalytic

f

driction improving hydrogen, Kinetics. The alloys of Exgmples 1-6, were
héh characterised at 300C gﬁd 250C with the QWR}C? :

~—*

The activation time from these examples is summarised in Figure 2. From these results,

5 it can be seen that aclivation time can be reduced to about 40% of that of the

unmodified alloy (from 8hours 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

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

When the data collected in the above examples was analysed by reference to the

10 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%
hydregen. There is little difference between the samples. 100% pure Mg absorbs 7.6
wt% of hydrogen and 7 wt% of hydrogen absorption is close to the theoretical limits for

a Mg-14 wit% Ni sample. The Mg primary phases are regarded as the hydrogen

15 absorbing phases and eutectic regions are considered to have a catalytic function

improving hydrogen kinetics.

The alloys of Examples 1-6, were then characferised at 300°_C and 250°C with the

absorption results shown in Figures 4 and 5 respectively.

Amended Sheet
IPEA/AT



_ oo4sazss7ab30rpt|0n results shown in Flgures 4 and 5 respectively. Amended gRegl 405001825
J[PEA/AU 004882687 PCT/AU2005/001825 Received 06 Octohgl.200668 october 2006
At lower temperatures, there is a decreased capacity for absorption but a

large difference in performance between alloys. The PCT curve

(absorption only) at 300C clearly shows’the improvement of hydrogen

absorption from 5.7 wt% (unmodified) to 6.6 wt% (Na high, Ca and Zr
adbitiHeEbreTePREY B¥a 10815 5 FAgirereased seapratiryorf misemiiamimt a large

hyd;memehs@r@f@mm@aﬁtw&akemt&@mmw FEsUmah@sbiptioly @l’rﬁw altt 300°C

h d it
0l o R T W S0 SR
aré"efﬂ&?lBE&ﬂ@%P@%ﬂ?ﬁ@ﬁﬂh@fo@@gﬁﬁc%w .can be increased more

than 1 wt% relative to the unmodified alloy (from 5.3 wt% to 6.5 wt%). 10

sEVﬂau’i‘é 400G M%%%Q!&HU% mede?dapleéser&en Fbk%ﬁ%%%rrp from the
roxim te“y gwt"/ 0 .0f h dro en. In re ard to the desor
oS0 B o AR O SRR oL o 14 A BUPAT Rt
thaﬁnﬁe‘gb@ﬂtﬁﬁf@ér&&pemwrwmfea&e&mﬁsem&mes will vary depending
on the pressure. Figure 7 shows the relationship between adsorption and

15 desgrptign maﬁewm&dms@dw&.a%@uﬁmg&’ F9urh38n capacity can be

adsorption start temperature 1 is usually higher than the adsorpgon end
te Mﬁeeﬁ%?@‘?f% twtefﬂafﬁ&wﬁ@ﬁ'&o‘éw@t?&e R B Rt S W),
the desorption start temperature 3 can be seen to be higher than the

1 OdeE%ﬁtéQ E0TE e perRiRde shdbidhierenpiespriatien phiftetnasbibed-playamately
WP'S%%%%@%R“VG to the unmodified 20 alloys, it can be seen that
the esorption end temperature (plateau region of Figure 8) at 0.2 MPa
decreases approximately 20C with modification. In fact, the desorption
tedipé@aa#etfbrtmﬁedeﬁ}mﬁicm|d9rmaﬁaéer¢edmeﬂybyatracé>elemmure absorption

adeiipamulbeiaqsiien-ahthesarptblyineplameRiSTREreRse 3RS S8R @fi vary
mt%grg%lndﬁ rggrg%c%%e pressure. Figure 7 shows the relationship between adsorption and
15 desorption for the unmedified Mg 14Ni alloy at 0.2 MPa. The adsorption start
temperature 1 is usually higher than the adsorption end temperature 2. When the alloy
then goes through the desorption cycie, the desorption start temperature 3 can be seen

to be higher than the desorption end temperature 4.

In the representation of the modified alioys of Examples 2-6 relative to the unmodified
20  alioys, 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 frace 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/iwins in the solidified magnesium-nickel alloy. It is believed that the refining
element should have an atomic radii in the range mentioned above in arder to achieve
the metaliurgical effects in the as cast metal. |
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wass2es7 @areas within the material, the amount of stacklng faults and the dengityafg2005/001825
25 dislocations/twins in the solidified magnesium-nickel alloy. IRig&elievedetober 2606
that the refining element should have an atomic radii in the range
mentioned above in order to achieve: t Lfﬁ)metallurgical effects in the as
cast metal. Amended Sheet 1PEA JAU 004082687 PCT/AU2005/001825
Received 06 October 2006 10 The increase in dislocations caus d.by the
adBRIOAT F&Ffu St ABIPRItRS SV o ghsp REH 50%5‘9(’&555%3 Fﬁ@u‘irée SEM .
9(aisdheSEMes M@ 1 Hi Ripuno Bifipd; thig TN fds Myel S EMiforadisied; Fig 9(b)

?ﬂﬁeaﬁ%%‘iht@ agdaiion, Rigdre: 4gd iR thegEMJey kQ%@QﬁWor low sodium
dition; Fig 9(d) is the SEM for high sodium addition; Figure 9§ is . the

SEMGR STEIEi i deR SR LRI FIF ot UM SHiortor B aMRtdh, g SN o
5 9(@)daitheddtjdhd Alidufiphedifiectel SEN frigiier addiinificBidoblaig g’(h)%‘; 14 Ni

thﬁnt%ﬁga'&magf‘qﬂ'H@Ré’e\tmsnmaﬂ%h?%gm(w%owfsgws%@ww% at the

"~ shows S secondar% electron image hypo-eutectic Mg-14wt%Ni

allgRepmeaiirrigg PuRIBSEied, (b) 2wt%zr addition, (c) and (h) 600ppm
Na addition, (d) 10 2400ppm Na addition, (e) 800ppm Ca addition and (f)
GQQ@D@QE;W@ME}W allaysathadatack indbesfigiunas asacptiotagy1Met%Ni alloys of

St? P”t%s("?‘ﬁ;%‘ﬂu?ﬂb@!ﬂ%a é%)a Goibite. sopiastds 1he Med | Rdtegliftion, (a)

ucture e Images cl demonstrate a ver ibrous eutectic

10 i RAAR AR TS AE ga}me@%mba?e dPePEb S e Aloss. The
Migsegtiutieragnrdb anenmiodifiddystemgiteslsnd lbmrodifred sarphéte shoteat is the

re'i?rFoA; VG dI1RroysaERt giraaewﬁ@t%%%ewt%@gwhedema%gwm hydyegenefined

absaorption capacity. The refinement of the structure, even at E ace levels
offﬁ’d‘b‘fﬁ(ﬁﬁ't%c%ﬁ‘é%%ﬁié‘&ﬁ'[ﬁt@ %h’?&?ﬂ’g%ﬁjeiﬂ@ﬂﬁf’gcgﬁ’t%a&ﬁ d %acgi‘ncoarse sutectic
betdwckirucane ioffenunetowiB0BampleThus, a nano-scale material is

obtained through the combination of an alloy modification and a casting

15m%§1%%d%%d samples show a relative improvement of approximately 1 wt% for the
maximum hydrogen absorption capacity. The refinement of the structure, even at trace
levels of addition is considered quité remarkable yielding eutectic spacings below 1um
and often below 500 nm. Thus, a nano-scale material is obtained through the

combination of an alioy modification and a casting method.

20
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Amended Sheet TPEAIATI MCSLLP 11 CLAIMS 1. A method of

producing a hydrogen storage material including the steps of: forming a
hypoeutectic magnesium-nickel melt; adding up to 2 wt % of a refining

element to the melt under a non-oxidising 5 atmosphere, the refining ~ MCSLLP
element having an atomic radius within fﬁe range of 1-1.65 times the

atomic radius of magnesium; at least one element selected from the group -
consisting of Zr, Na, K, Be, Ca, Sr, LaAimM&, Rb, Cs and Eu wherein Zr

is used only in combination with at least one other element in said group;

antt 10 damgitipthe pielii@inpro drdedte ey asisirHyeutiacalsterTas

method of claim 1 wherein the magnesium-nickel melt contains nickel

within _t"f’c?rrﬁmWp@_é‘?@é@ﬁéh@a’ér@@n\‘ﬂi&‘?&%ﬁ;a The_method of claim 1
wherein the magnesium-nickel melt contains nickel within the range of

10-20 wt %. 15 4. The method of claim 1 or 2 wherein the refining element

is addecrddan HeldfienWate of apsitrPaodgipent 5o AhRypekutadtica non-oxidising
sMagnesiueinighke aiioyocaBsisinB.esseatialbsal grarienmiban #ereagd vp1-1.65
to 2 wt % of.a refining.element, the refining element having an atomic

ra méﬁr{’(‘) t aemr%“r?grea%?sﬁ%mf%?#gn%s the atomic radius of 20 magnesium;

the refining element being at least one element selected from the group
consistir®y leeA o knBd scacist flom Ye\ihoRios@sising BULANRKdd, Ca, S,
Sh@:ﬁtY%ﬁ%@stwherein Zris used only in combination with at least one other

etement in said group; and

10 - casting the melt to produce the hydrogen storage material.

2. The methed of claim 1 wherein the magnesium-nickel melt contains nickel within

the range of greater than zero up to 20%.

3. The method of claim 1 wherein the'magnasium»nickel melt contains nickel within
the range of 10-20 wt %.

15 4. The method of claim 1 or 2 wherein the refining element is added at an addition
rate of up to 2400 ppm. '
5. A hypoeutectic magnesium nickel alloy consisting essentially of.

greater than zero and up to 2 wt % of a refining element, the refining
element having an atomic radius in the range of 1 to 1.65 fimes the atomic radius of

20  magnesium;

the refining element being at least one element selected from the group
consisting of Zr, Na, K, Ba, Ca, Sr, La, Y, Yb, Rb, Cs and Eu;
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12 wherein Zr is only used in combination with at least one other element
from said group; and the balance magnesium and incidental impurities. 6.
The alloy of claim 5 wherein nickel is present in an amount of greater than
zero 5 and up to 20 wt%. 7. The alloy of claim 5 wherein nickel .is present
in an amount of 10-20 wt%. 8. The magh?esium nickel alloy of claim 5
-wherein the refining element is‘present at addition rates greater than zero
“and up WRIDA NPT T8 fRFgEERAtP RN 3l remAtY RIRERIATTR® said
allgyas sast has a refined 10 eutectic structure with twinning in the
magnesium-nickel intermetallic phase. 10. A hydrogen storage material
formed from a cast magnesium-pickel alloy, the .alloy being a
hypoeutS&h2 Sr@%‘ﬂﬂﬁ?-lﬁri%l?é‘fg{% ?H@%’W Mf&ater than zero and up
to 2 wt % of a refining element, the refining element having an atomic
ragius intheaiapge @fih ® dhektimekéhe aiestot radidsobdb shagrsidman zero
Sthgnr(?[j i{g}gﬁl@@fht being at least one element selected from the group
consisting of Zr, Na, K, Ba, Ca, Sr, La, Y, Yb, Rb, Cs and Eu; wherein Zr
is only used in combination with at least one other element from said
gréup; ah: 280thel blalant w/raedimeisikeh apt saoide AtdrApRfe$-20 Wihe
hydrogen storage material of claim 10 wherein the alloy, as cast has a
Teféned %@%%WH%W“QH IBPINGANRE, SRR PGS iﬂ&?g%lment is present af
intermetallic phase. Amended Sheet Tar A/AATU MCSLLP 13 12. The
maH PSR eI SRR DR SR atEiPRagnesium-nickel alloy -
contains nickel in an amount of greater than zero and 20 wt%.
. The magnesium nicke!l alloy of claim 6 wherein the alloy as cast has a refined

MCSLLP

10 eutectic structure with twinning in the magnesium-nickel intermetallic phase.

10. A hydrogen storage material formed from a cast magnesium-nickel alloy, the

alloy being a hypoeutectic magnesium-nickel alioy including:

- greater than zero and up to 2 wt % of a refining element, the refining
element having an atomic radius in the range of 1 fo 1.85 times the atomic radius of

15 magnesium,

the refining element being at least one element selected from the group
consisting of Zr, Na, K, Ba, Ca, Sr, La, Y, Yb, Rb, Cs and Eu;

wherein Zr is only used in combination with at least one other element from said

group, and
20 the balance magnesium and incidental impurities.

11.  The hydrogen storage material of claim 10 wherein the alloy, as cast has a

refined eutectic structure with twinning in the magnesium nicke! intermetallic phase.
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13.., The material of claim. 11 wherein the nickel content of the

hypoeutectic magnesium nickel alloy is 10-20 wt%. 5 14. A method of

modifying the hydrogen adsorption and/or desorption characteristics ofa  MCSLLP
hypoeutectic magnesium nickel alloy including the steps of adding to a

hypoeutectic magnesium-nickel melt, uﬂeto 2 wt% of a refining element

“under a non-oxidising atmosphere, the refining element having an atomic

radifus WHRINTRETEhGE BRI B5 WhRSEhhardHRBTHARTE JPATAGHKRITAKe! alloy
1G:-theatefining elemanidaetng atieasthane«teandritesetéicted from the

group consisting of Zr, Na, K, Ba, Ca, Sr, La, Y, Yb, Rb, Cs and Eu;

rein_Zr is on |n combination with at least one ott;er lement
fro salﬁ’ e}{['% acs', lrﬁngrqﬁe Meitto rodunécé ﬁecl"?ri?é) Je % ypoeutectic
ma@wsmwmck@llzﬂimys 1&20bwithe method of modifying the hydrogen

adsorption and/or desorption characteristics of a magnesium nickel alloy

50f glaims, %%w@a%@%5@@,@3&%33&?3@wgsgo@f&%@%e&b@é WP hSistics

e of 10-20 wt % of maditying the hydrogen
d‘%gﬁﬁwﬁﬂeéﬂf?&}ﬁr’?i%%ﬁ‘%é%&féﬂ%‘fﬂég‘gﬁ}? ﬁfﬁ@ﬁgglum nickel alloy

of claims 12 or 13 wherein the refining 20 element is added at an addition
rate of grgaliey than rRsO-aRdiiDIGHILPPKEY mEte upetharl @f%laifnaléefning

wherein the nickel h ecfic siym nickel alloy s .,
oSS0 SO AL S RIS BAUISUICEIPLF aoe
radius within the range of 1-1.65 times the atomic radius of magnesium;

10 the refining element being at least one efement selected from the group
consisting of Zr, Na, K, Ba, Ca, Sr, La, Y, Yb, Rb, Cs and Eu;

wherein Zr is only used in combination with at least one other element from said

group, and
casting the melt to produce the modified magnesium-nickel alloy.

15 15. The method of modifying the hydrogen adsorption and/or  desorption
characteristics of a magnesium nickel alloy of claims 14 wherein the magnesium-nickel

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

16. The method of modifying the hydrogen adsorption andfor desorpﬁon
characteristics of a magnesium nickel alioy of claims 12 or 13 wherein the refining

20 element is added at an addition rate of greater than zero and up o 2400 ppm.

17. The method of claim 14 whersin the nickel content of the hypoeutectic

magnesium nickel alioy is greater than zero and up to 20 wt%.
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