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WO 2006/069851PCT/ATJ2005/001825 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
hydipgensiaesge material. 5Background of the invention As e/ Xi@lilek®o1825
population expands and economic activity increases, there are ever
increasing signs that increasing atmo$pheric concentrations of carbon
dioxide are warming the earth causing climate change. While the eventual

depletion of the Madiesitmdlispd foel kypdraygeavstsragenevitably
require other economic energy sources 10 to be found, the more
noticeable signs of global warming have increased pressures for global

energy systems to move aw&yeftbof therbrveniibiiuels whose combustion
roduces carbon monoxide and carbon dioxide gases. Hydrogen energy

iSindfrentiog felpeat R Brane risrgamsierplecr tbastirwaiipbtes to a cast

iRyl acement fey paitodeunhansgehfselagt awesedl. there are still several
technical issues 15 and barriers that must be overcome before hydrogen
can be adopted as a practical fuel, the main obstacle being the

development of a viable Batrkgremrsicrbthe sgstartiowhile hydrogen can be
stored as a compressed gas or a liquid, the former occupies a Iar&e

A I ARSI RORARIIOR EXREHSRBASIRTO YR BGEY Y dBtIERRPan{iere are ever
iscremsingneigial Bbakefitsreasigdidbmspotigasementaiibhiquid pchageaiicxide are
WRiRREaE dan L O HRRR SARHECHR LR RMESIERAE WP HECHord's
%safe : mOé{e C%?F?ad method i%]\c}'hf%/dr%%gn storage is to store |t within

QLR AR SRATEH RGPSl R GENG RS B AN B T eiighesouroes
imbeaiouaddintaronsetalicssbiasions ¢ gabahbsurbitarevguiantésdpressures for
SBEPERBIHY 2s58iemSOlis! fabe THRPIaRE RYAERACRAGRHRR IGlRBSE Lombustion

SRS AT DR TR G G5B ntage storage than

Hydrogen energy is aﬁ:racting a great deal of interest and is expected to eventually be a
replacement for petroleum based fuels. Howéver, there are still several technical issues
and barriers 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 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 should
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 form. The stored
hydrogen can be released 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



compressed gas. However a desirable hydrogen storage material must
have a high WO 20061060851PCT/AU2005/001825 2 storage capacity
relative to the weight of the material, a suitable desorption temperature,

- good kinetics,Qe9d reversibility and be of a relatively low cost Pure
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magnesium has sufficient theoretical hydrogen carrying capaci yC%‘{A}%“ W18
%. However the resulting hydride is too stable and the temperature must
be increased to 5 278C for the hydrogen to be released. This desorption

PR A Al e TRl W@t%é'SﬁQBHPVB%CﬁHXG%Q{Q tive. éuli%{éfer desorption

desorption temperature is desirable to not only reduce the amoun
eI E ALY GireePrh < BRYSE cSpRY RoUr Bt BDEChE 94 Bl iR @iilwrost.

utilisation of exhaust heat from vehicles to release the hydrogen.
CeunparegriespisenaagniRis i, M EARAOMARIYCR N PRSP d894S8at 7.6 wt %.
"Y90RN 310TRdE SRPRCINN 3-8, I0 LR Butmporantiy e o pe
temperature required 101 hyarogen rereasé s daerEaREAIY fo QW 5 tiigreased to
of pRire AeagheshyeTogeie indemdrisased hydieglasuwiien desibeiived akes such
inviateadieeebervaitamyoliiaatisbibydrdera ielesplicn Metdea0k Noddibe to not
in0 e @é%ré)es{gtécg%eaﬁ%?entg thixo&rig)énclctcas}in%t chni%s followed bx
par ?él remelting ‘an quengﬁlnaylgeﬁave !)(-S’elrrgia 8 %ﬁﬁ?‘:ﬂy JERroyy to enable the
Hfgiem atdlisatiom pfexbetishkess frovghivias to78iEkss ihe ddeogen. Compared to
hw@w@ q&m?md ﬁcﬁﬁmsmz 40 aé@@T@ém&ié@nmmb_ els)etl}-g% capacity of 3.6
SUIQ r z | eutectic.. e s absorb large
R T e e R
hifs R AEbaYe Magnasimh Ehs saechanismploiidnseemissagriie believed to
(R)veuthe, oematibrseffalettiddOplatrRuUAeRRCH Bhagerit imBelgyadH, in the
thatdhe:nisksl and/or Mg2Ni phase acts as a catalyst, improving the
kinetics of hydrogen transfer into the magnesium rich solid phases via
MgH2 formation. This realisation has encouraged research [See review by
SRenanily afiikpirapigi AR tepmyigitesAfgiRR00MY) 6Tl 88inadling rmeoquenching
taeROlREY ABEUNYWIEKiETANT BYOIREIREES L PR RIAUNEe 4BRRTF 1741-1747]
wg{t)h I%%e |gt rna(l)lr&ttgrg%m%h a?laas. .These technrlig‘ue are attractive . i
becabise they TERUTH M 1arge W é(fa?égyﬁreggnﬁﬁa ef}?irff?%?ﬁﬁ,sé”m rich dendrides
cRigTanegrdphic rifesds MadicalidietdedlionShesd talieys whicrbcdadige amounts of
disyeiigenpeigimtinio pure magnesium and display only a single hydrogen absorption
plateau in the pressure-composition-temperature (PCT) curve, ie. not separate
plateaus for each phase. It is believed that the nickel and/or MgoNi 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. Fuiji, Applied
Physics A 72 (2001) 167-186] using nano technology and powder metallurgy technicjues
to produce materials with large internal interfacial areas. These techniques are
attractive because they result in large interface areas and they introduce
crystaliographic 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,



eusmssrCatalysts throughout the microstructure, enabling them to have a PCT/AU2005/001825
** . widespread influence on the kinetics of the reaction. Unfortunately,..ived 06 October 2006
nano-scale powder metallurgy techniques 30 offer limited control over the
crystallographic structure of the phases (ie. interfaces, 3 twins etc), the
powder would be highly explosive and wbuld be prohibitively expensive for
large-scale mass production of commercial hydrogen storage
compsrrintstni onedst theuld deahighhe peplesite dadercaitsioe sanibtiiads dxpensive

WhighHaherReReE8 388 Yoo HIRIBLE ORERIRGBN AR ponents. None of
pr(%ducreed lglp}g rlé)vg% d(ceost g%ﬁcesses, (Iinore 5 applicable to mass <

prodf SRS SRCOBR Pof e SIS MVBRTEH o BYroUileh a igRERpRETormance
MdNiesidep withagepeoved etz ogam beorigducapaiitpsoweR efese posct@ses more |

sanyiesktiiniae spegifigation is not, and should not be taken as, an
acknowledgment or any form of suggestion that this prior art forms part of

the common 10 general knowledge in Australia or any other jurisdiction.

A Su%ﬁéﬁ@ﬁﬂé?ﬁ%%’?ﬂd&&?ﬂ%w@ {5 GrRVidgpR ceREImiiahticanayith improved
. prawvidie gemetiad ofabitiissing a hydrogen storage material including the
steps of forming a magnesium-nickel melt having additions of at least one

refining element, the.refining element being able to promote a 15 refined
ol R PR 8 BRI e i R ERepe oven es, ar
intERFRAYIREIIMMISOTRTY SUTRIRY RIS gsstiPrabirs Shimpineias! forstpast of the common

100y Qenged Biorageenateiatamtbrsaid sefingsestaphc structure. In one
preferred embodiment, the magnesium-nickel melt is formed by the steps

of adding nickel to the magnesium melt to produce a hypoeutectic
magnesium-nickel alloy 20 (iSugneatey tfidineZzar@nttth5 wt% Ni),
homogenising the magnesium-nickel melt, and adding the refining

elefTERTUIER AERSAF B TIRIETIRR Map RERMR 8 BEHSSPiarE & Gt divdrogen
rate®eigresteidian cefio@noeupttp? widvandgreferabhegreatasibiamelt having

ZerQaRddess ApRRPAAPRANing element, the refining element being able to promote a
15 refined eutectic structure with increased twinning in the magnesium-nickel intermetallic

phase and solidifying the magnesium-nickel melt to a hydrogen storage materiél with
said refined eutectic structure. ‘

In one preferred embodiment, the magnesium-nickel melt is formed by the steps of
adding nickel to the magnesium melt to produce a hypoeutectic magnesium-nickel alloy
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 raﬁge 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 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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The refining element has an atomic radius within the range Qlf{abgﬁ g‘:‘g&?’i/gféﬁg
~1-1.65 times that of 25 magnesium. It is understood that reflnlng yefements
with atomic radii within this range will provide the refined eutectic structure
discussed above. The refining elemehts are selected from the group
comprising Zr, Na, K, Ba, Ca, Sr, La, Y, Yb, Rb, Cs and rare Amended
el eidndAsJAIh aarti. @mmwahm b g ZiliC OEREN it apigtR kG aistals

refln the m r’]%nesm stals anc()zte Pe éﬁed re%Uﬁr S %t least one more

ires a tone emen
Pt\h’e eIeme rom t group. In anot er aspec he mveﬂtloﬁ may

provide a method of producing a hydrogen storage material comprising
| theen sifesp s:srfefcir thin i\ hiyormateptivideag mesiuh ofi pkedunipl hayiigden storage
AP RSH RIS QRS QI‘WH?&1ﬁbeénﬁy'HJé%Yéegcarﬂ%9£€lﬁrﬁquﬂél‘4‘ﬂgﬂ having
in

the range of f 1- 1.65 times that of magnesium, the refining element b eing

S aﬂPdRﬁHéaf AttRBShRAR &¢ M%ﬁ”?ﬁ?é?@?@&t%ﬁ’ ﬁ%%’ﬁ”?é?&‘&ﬁd"ﬂﬂ“t&hi Wf‘% of 1-
Teftil reterhblyofe smghariBdOthangimoe Peaferdbbgims pthadeBOb ppm melt at

A GR7ABY e PR airkepmel wihg SAUIRARgG FRIERAE: 2400 and

aspects is'a casting st where the metal cast b alls table
%?6%8%@@&&%%@5’6 %ﬁﬁﬁ}oaﬁ é‘?&ﬁi‘& HOTAL DAY the
casting. The solidifying step may be other controlled solidifying processes.
THeveeudfyionetethe aial Rasdoteis cashittisgtherpswhiest ticeastuationcasidby a
10 G &JEéHL?QEﬂoﬁt%%mat%@brlh@a?éh%éia‘h{@fr%@ﬁ&lé Hé&ﬁxé”tﬁ@ecastmg

cast condition. In another embodiment of the invention, there is provided a

Thrirolifyiatorisgematoyl 8aBhAsnERIG bR iRaR assRtally Wryer once the
Ay oesteetto reEsg ne s uihenickiblealidy laativatiogreattutdrarwz erbyaineyap kickage

M’éte/ﬁé?fﬁ]gqmng Bg@g% UE%J%'YHQ%%'F&B#&]B&?V'W 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
Ipr anihR, BRRodimest, Al dhey g nben RibeBsiaminde b arthydiesrentoirR alloy

15 aﬂﬁkﬂﬂ@mgades@wﬁ&j taerialy and uppsedivdié ardiusienahikgramsemaving
I 400Q
dhangsia A0k eRa U0 2400 pOLA e AR JfRIEh MIBLARIG R Adving an

he more pre erre tion elements are sodium an

%ﬁ?eaﬁmusm%a&aﬁ éah@ﬁav%sr&mftﬁa%w%mmdhem@@ magnesium

aiﬁrmﬂmtwirtmgratmnlc radii of

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
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 MgyNi
intermetallic phase. It is thought that increasing the refihement and crystal defects in the
Mg:Ni phase catalyses the hydriding reaction in the magnesium rich solid

Amended Sheet
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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 Mg2N1 phase catalyses the
hydriding reaction in the magnesium rich solid Amended Sheet TPFA/AII

WO‘%8(39‘{‘9669885?1PCL.41:2005/001825 5 phases of the alloy, thus
increasing the capacity of the alloy for hydrogen uptake and tRETKHRIREOEE25

the hydrogen absorption. Furthermore gs the material is produced by a
casting solidification process, it is a more commercially viable process

fordarg efsnal e b GebteHSALIHRY € p components.
BS%&KMQ%&I&&IE? g;gvgn%%} and. refegrégg%gr,n%@léﬁmgrﬁl?*u%%’gpf‘é%?ﬁrggtake and
objects and a vah ag%sno FEBsent invention will become apparent
fgrom the following description of the preferred embodiment and
bobenpare asgthiranategiaiis whidcdd FigaloianBl SSRARARITBARNLD i is a m
IRMRRIRRIIAE G negodified magnesium alloy with 14% Ni, Fig 5 @ more
5 isa F%ra hﬁfum%%:igi;%g g%:tiflgaﬁ%?l&te?ms% 3@8&%%"%%& 18 BydRgaBsstorage
f‘[?g" Pg%tﬁs a graph of PCT absorption data at 350C and 2 MPa for

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

MPa for Examples 1-6. 15 Fig 5 is a graph of PCT absorption data at
250C and 2 %ag'i{!’lr‘@a?%gﬁgsgﬁ\%’f'ﬁj 8Nd Brgfapred ambediongtPCT

BbsespiiefueapasirEtapaiadnteM ig.7 i raph illustrating the
felatinDshiRReieeD absorption agﬁd gﬁg]grg{%sng 3&%%%%“@; Rﬁg%mel\ﬁpparent
zﬁ OX’ _ g aescription of the preferred embodiment and accompanying drawings

in which

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 1-8,
Fig 4 is a graph of PCT absorption data at 300°C and 2 MPa for Examples 1-8,
15 Fig 5 is a graph of PCT absorption data at 250°C and 2 MPa for Examples 1-8,
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 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.
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-+ Fig 8 is a graph of the desorption data at 0.2 MPa for Examples ﬁ6 %ﬁ
20 Fig 9(a)-9(h) are SEM micrographs of the as cast alloys of Examp es
1-6. The hydrogen storage material is produced according to the
invention by forming a hypoeutectic maghesium-nickel by adding nickel to
molten magnesium. The nickel addition may be up to 20 wt% and
preter abiyrdge2 Gratage nickelal kepielt dedharconivay (@ providention by forming a

isynagn 0 e ats of .

c%@ﬁ%gﬂrap% 550 MyrRAMNREAINESIHT, Jﬁ%ﬁ‘él% YndiaH rﬁgﬂgesrgﬁ\ The nickel

modifying material are ad he elements
th@gé“%ﬁath@ff HPef?r?Qg‘ﬁfe/gr%nﬁ presi@ind hrdnne s alﬁéﬁhéfaeem%'&tﬁ;fhen mixed
strgoteredeithhiracgasredwilrning in the magnesium-nickel intermetallic
phase. The range of elements satisfying the above two criteria have

radii around tha m neS|um and u 5 times tha
e A SR BT DAY NERCB o ERE, Py o B asape matera
eartie rﬂé@&ﬂel@hﬁeﬁl@ﬂmﬁé prsidrackelbpsenthat sefirerdrsodiaemesidiorphase and
zirgRiém Bhefmelt dsrerinstsed WikomesssiaeitmiianshelsyHBsam-nickel
a prgptectlw?l atrposéphere during the homogenising step. The protective
atr'r?osf)?were is’any atmosphere which 15 prevents the magnesium from
combusting. Typical atmospheres include SF6 and HFC134a. The metal
is thienreagt by deswitddb baisdistipghpraioeduhes ol rashay e etanng redo around that of

oorerhﬁsgme;ﬁal 6’@'@51tWQ'%QP&W%§H&W§H@§¥EB@EP R Na, Ba, Ca, Sr,
particula #Pe eratlon #éﬁ @}dered that 20 the increase crystal
defettd; ‘é% ahd GEBE o e REE! flgments used are
hy@rdiurg eeé@mamqwntma .magnesium rich solid phases of the alloy, thus
increasing the capacity and kinetics of the alloy for hydrogen uptake.

EX%%”JE&JJ;& Q%@W@R&B %@8‘@%@! QN@HQE QHBXPJ%rotectlve atmosphere

characterised Using equilibrium 25 pressure composition temperature
(PERathe m@%ﬁ@%ﬁfﬁ%e@%yﬁgéﬁmﬁ awgﬁap%aﬁﬁp@wéwm e which

13enpparaits ¢hevhitersoisdlyrmeashirsty gh&ygisantityn of ghedea gesiudengRgladd HFC-
Sheg} IPEA/AII

/AU2005/001825
06 October 2006

U"l

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 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.
Exampies

The hydrogen absorption of metal hydride alloys is characterised using equilibrium
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
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WO 20061060851PCT/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 number of atoms in the base metal alloy or as the capacity of
hydrogen in the material on a weight percent basis. 5 PCT stands for
"prassaepdenposition-isotherm™ and shows the maximum gy keaeiz/001825
absorption capacity possible at a fixed temperature. The pressure At
absorption is higher than that at desprption and the region of the "plateau”
indicates the range suitable for practical storage/release applications.

sofdastiatithe brimgemiwalzsosbattion acange THbajeatiiyeoiShiite gsassotised is
ex5iR04 1 I G 39&? %ﬁ%p%ﬁ&r‘?ﬂaﬁ{ﬁ@} Qéea%séﬂ{oen'l%‘%%ﬁ’g%ﬂg&%%@.ﬁ%‘%&%s to
p I'h e fo ysteresis

ressure. Metal hydrid mation is also accompanied b .o
the\ PRSP FE AFTR thdhgirhash R RN athasu s FapRSR B P vdiR@santy the
mdtegidOnres debtpidoceatibesisExample 1 An unmodified magnesium alloy
containing 14 wt% Ni was subjected to a 2 MPa 15 hydrogen atmosphere

350C far a,period of 20 hours. The pressure composjtion temperatur
APC.a!t s?an%s ?or rESSUIe-c0 osli'tuon-liso g s%?ﬁfrglf rogen

data was rec and shown m Figure 1. AS , REUEHRA
abgpielipRtcapaREy dessiid be @ldteath femperaiureAdivativessure Al dibseption is
highew Geickhapatadeydaseamasd rerdyedRnUsE As 2gNEROSAABSRIHRE range
su&%g . fgrhortéaPrcg}pt%\‘%ior) teimessesaav%%%er y and are indicative of ,

Undamentar materiar 20 diferences in the kinetic performance of the

alloys. Note that activation is generally required only once in the life-cycle
Mot afipdrbygrogetoingbsatiosd Oraceatige allmrartietsceritietpratsdrehehange. This
re5AregeRADSHREAD PrasirsignilitRihatediceihas e itanerd idba Rpirde
f()Igf_%\{cl,(as, OL%E’ run. Exam é S %—6 0043882687 PCT/AU200%1g01825

g&gR/ I 6"&%’88?@%) %;y ysteresis, which appears as the difference between

the upper absorption curve and the lower desorption curve.

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 time (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 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 time is significantly reduced as evidenced by the last
cycles of the run.

Exampies 2-6

The magnesium nickel alloy of Example 1 was modified by the addition of a refining
element.
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8 Table 1 shows the‘refining element and the addition rate of that elefeRia2005/001825
Table 1 Example Refining element Addition rate 2 Na 2400 ppm BMN&a&wd®6 October 2006
ppm Ca 800 ppm 5 Eu 600 ppm

8

Table 1 shows the refining element and the addition rate of that element.

Table 1

Example Refining element Addition rate
2 Na ‘ 2400 ppm

3 Na 600 ppm

4 ' Ca 800 ppm

5 ' Eu . 600 bpm ’

6 Zr 2 wi%

The activation time from these examples is summarised in Figure 2. From these results,
5 it can be seen that activation time can be reduced to about 40% of that of the
unmodified alloy (from 8hours to 3.8hours). Hence for aﬁoys 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 collecte_d 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%
hydrogen. 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 wt% 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 characterised at 300°C and 250°C with the
absorption results shown in Figures 4 and 5 respectively.

Amended Sheet
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- Zr 2 wt% The activation time from these examples is summarised in PCT/AU2005/001825
Figure 2. From these results, 5 it can be seen that activation timeXt&itss 06 October 2006
reduced to about 40% of that of the unmodified alloy (from 8hoUrs to
3.8hours). Hence for alloys at least up toghe addition rates the activation
time can be significantly reduced. This is of practical significance but more
impartandy teispaeiaatve NbibeiS P IRRFIBElCHRBHIGRIMAICERb on but 2 large

mo%“%erg algolx. ér¥c\>/rhn$an (t:hebe ata{_}coal1 jctedﬁl&tl}e %bove examples was )

analysed by reference to the 10 aborption BuR/e ot sHERTABHCSHEIMA it 300°C

Figtlf@my RReyvpiba e e oantoibedr casscrpsiontionlfipat 3308 hownatisix) to 6.6

samplegveangabserBnarpbadifion]%r BYSHageiNaTagse 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
Widh NS EnipR SHRERIY Pritarasiasasyfsqessnrearatiotearpaitsdelensom the
absesblisc phers s Fgarebitéotin iegiens aeteonsioh epktithhaNIA BRI storage
fungsionineraming taf‘anﬂawm%?saﬂ%ﬁylgyég% Examples 1-6, were

[ e

then characterised at 300C and 250C w absorption results shown in
Figures 4 and 5 respectively. Amended Sheet IPEA/AU 9 At lower
tenfier2tirdae theriirdpipyeramsepedprany for assimptivhysinegetacgeacity can be

diffexesessimpedtrananee/betarendaiieysn MbeRE TieyrR 2B SAURHAB 6.5 wiok).
only) at 300C clearly shows the improvement of hydrogen absorption from

A ifie 6 wt% (Na high, Ca and Zr addition) or 6.8 wt%
1(?Naéll\\éevr§);.a(’c%£@ up %a coné)l’u n?, 'tlwg samples are shown to ;bsorb approximately
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 relationship between adsorption and

15 desorption for the unmodified Mg 14Ni alioy at 0.2 MPa. The adsorption start
temperamre 1 is usually higher than the adsorption end temperature 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 achieve
the metallurgical effects in the as cast metal. | h

Amended Sheet
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N 5 Figure 6 is a summary of the maximum hydrogen absorption capadifyl/AU2005/001825
taken from the results shown in Figure 5. It can be seen that at 350¢ ‘{6 October 2006
maximum hydrogen storage capacity is similar (around 7 wt%) for all
samples cast. At 250C the modified alloy8 are superior and the maximum
hydrogen capacity can be increased more than 1 wt% relative to the
unmedifiedzzloyn(ftsmsaiond Yetoeed WiYthel Gibigshat ROQGstkp® 2MBR SEM
condition), the.sam wn tg absarb raximately 5.5 wt%.of . .
e R R e T D P e SRR L L Fio s
prissarSEab &S rivosPemplatie & RdfEiomdrices Siptisntienffdddartow sodium
Theigyast Fenpeiaisines \Stliaky deperdingordaBaTessile. Biguie the SEM for

shows the relationshi tween ads jon and 1 sorption far.th : .
5o MR I TRy S B e B s PR lfalheeMe 14 N
~ is vmamiedghisy teahige ageeptichiendrienfgerduie 2owBeditie adion at the

thepigaesdiwaugibthe Hrsmtion cycle, the desorption start temperature 3

can be seen to be higher than the desorption end temperature 4. In the

representation o modified alloys of Examples 2-6 relative tothe .=

TR S SRy T A5, SEE I CLOYRTEH ERF L partENb alovs o

(plateandrdgiomuRitrte 8) ant/ZMaddiiecrdasenadprds@fratelyN20ediibn, (d)
1omediisasinmndndathihesfesosprrndanaesatire fordbeMe Ni allakicaniRgs. The

regliccd Ay rage clement addiions, e addition of the radibing. onvrast is

eleMents ncreases the AMBUNt of THtemar interacal areas Within theorrast is the

makégitgZhe aviealit oplseakking feulig agrEtheladdiisiteoiopstrate a very refined

disiprationséoninsitrdbrusolid fesl maamesidampiskeloatiasrel GiRelievatie eutectic

thant“tcr}gsqrefé?ip e gn&ntcs) l%JI Iaw%v?ean atomic radii in the range

mentioned above In order 1o achieve the metallurgical effects in the as

cast metal. Amended Sheet IPEAJAIl 10 The increase in dislocations
15caddendsifittesaduitisnshionl lase ke inmre8BRhmEragraphsaiyuiewt% for the

A RHurh e R kisstheiSEMAasMarié NinamedifedHg ARG, at trace

SEM for the same alloy with Zr addition; Figure ,9$c) is the SEM for low

o LS SAHRNE i SR8 T S 9B HTEP S R RS- RFSR SPRgTEsch g Them

is el SEhfdrelow 500 nm. Thus, a nano-scale material is obtained through the

combination of an alloy modification and a casting method.

20
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5 calcium addition; and Fig 9(f) is the SEM for Eu addition. Fig 9(qg) is the
Mg 14 Ni unmodified alloy of higher magnification; Fig 9(h) is the low
sodium addition at the higher magnification of Fig 9(g), Figure 9 shows
SEM secondary electron images of hypc%-eutectic Mg-14wt%Ni alloys of
(a) and (g) unmodified, (b) 2wt%Zr addition, (c) and (h) 600ppm Na
addition, (d) 10 2400ppm Na additiogj(@)§€0ppm Ca addition and (f)
600ppm Eu addition alloys. The black in the figures are primary Mg
1. dendritesthod shat dilietigen tiyuihoigeacstyasidsizeehg-Maadinguiesiteps of:
structure. The images clearly demonstrate a very refined fibrous eutectic
microstructure in all modified samples compared with a coarse eutectic
micrOSRRA AP AR IRRTO HHReA sinmpBIcks| meliodified samples show a
relative improvement of approximately 1 wt% for the maximum hydrogen
absarpj ity. The,refi at.0f t ructure, even at trace levels N
of a%gi%?i‘grg i%ﬁjg(?r(?s%e\&gd/o qéﬂ%@%@#ﬁéﬁ%ﬁ@e%cﬂ”c%p%%ﬂ?é s? hon-oxidising
atrpefpRerm &Rl BN RIANBIT MaviThua) @it sediesmatthialtie range of 1-1.65

timeiaaestdhRugithe sampinatipm-ef an alloy modification and a casting

method. 20 Amended Sheet IPF Ansai 11 CLAIMS 1. A method of

producing a hydrogen storage material including the steps of: forming a

hypatigestiomeagiresiunnseiekedrfeitn the addipgupsisthyolzefMa, K, Ba, Ca, Sr,
Lal myggﬁt? -oxidising 5 atmosphere, th

refining eléﬁﬂ%ﬁ%\%ﬁg%ﬁngg@rﬁé @a%%’ggo véfﬁ%’fr{r%%é’ rr%n'é]g%c%ri@,gf E#%%%" one other
e'ﬁ'ﬁ@'ﬁtﬁhﬁé'%@ﬁgﬁmﬁﬁégnesium; 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 | use% nly in combination with at least one other element in

saidé 5%'5&; héﬁcm g%ﬁrr]% { %en't]ﬁ?%dﬁ?ggﬂc%?ﬁ%gﬁm%ﬁ?storage

material. 2. The method of claim 1 wherein the magnesium-nickel melt

2. contpiasmigkelvatimIRe TS Sh IHeAeE JRRRIZRTRIMRAP ROV oRtFHE nickel within

' method Zf claim 1 wherein the magnesium-nickel melt contains nicke

the,JRARPIREIGRIE" SPIB- 2T WtBdo 20%.

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

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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15 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 gdded at an addition rate of from
600 ppm to 2400 ppm. 20 7.The method of any one of claims 1 to 4

8. whefelVaee Higrlicgracnrsin pighetirdoxconkirting ressaritiaies00
ppm 12 8.A hypoeutectic magnesium nickel aIon consisting essentially

ter than Zgro and up eflnl element, the
reflnlng elegn a ﬁé\glng an atgr'pcllc 18 g‘usl%vn 8 (5?%1{8% %ie%gg the refining
e‘&ﬁ@a&mmnamnsa@@mmagmmu&nm Bhwrmfgangfdemehﬁﬁetlngeatﬂmatonec radius of
m% gEB.selected from the group consisting of Zr, Na, K, Ba, Ca, Sr, La, Y,
b, Rb, Cs and Eu; wherein Zr is only used in combination with at
least one other element from said group; and the balance magnesium and

incideetakiimngitielrénd. Bethmagnesisn oiekebrllay i daigeBavirsainthe group
JSSRYY Inag.arpou tlﬁg 7€10 an%up to 20 wt%. 10.
Coﬁﬁé‘%gnggjﬁ kae‘?l %tf Ir |§ﬁ%l3t$v€)h in |8k& present in an
amount of 10-20 wt%
wherein Zr is only used in combination with at least one other element from said
group; and

the balance magnesium and incidental impurities.

9. The magnesium nickel alloy of claim 8 wherein nickel is present in an amount of
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.
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11. The magnesium nickel alloy of any one of claims 8 to 10 wherein the
refining 15 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 3is added at an addition rate of
16600 PphyteoR400 prages Matenelgitesiach ntckebatiogt 20 agoesiunenidkel alloy, the

allblpBmg ?%Mﬁé@lﬁb%@%@%‘iﬂ%%ﬁﬁ&”&|j8}p(ﬁagg}@%tz an addition rate

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 strgitater withriveierongrid tine roagnesitmefiekedimieigmetattient, the refining

6 n,stor material formed fr cast . .
elér?nﬂa%ﬁr?eg%ﬁmn- %@%ﬂ@%ﬁ%ﬁéﬁd@g&?@a%ﬁ?ﬁ%& 8c{i‘§g1n§8qneessiﬁ‘r%-ﬁ58@? radius of
magrssiteniding: 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, times the atomic radius of 5 magnesjum; the refining element

beint) &t [EH5{UhS5THBR: RBaS e ¢ 8?1?%8’@08‘5@&%5%%‘3?%,%&? kthe group
coBsistlay S ZLaNY, KIBRIG L SandaEY; Yb, Rbe@dneAdiEwnly used in

combination with at least one other element from said group; and 10the

balance m,ang1esium and incidental impurities. .
wherein"Zr is only used in combination with at least one other element from said

group; and
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-nickel 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.

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

25.  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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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-nickel alloy contains nickel in an

amount of greater than zero and 20 witdé 15 19.The hydrogen storage
26matéyianaeshethivh medifylrovihe feyd ibgeni elkslocptitena nd ibeduguoptitecticaracteristics

ofa“ﬂgwééﬂé‘&{ﬁ%%b%@%m@cﬁ |4 16 reﬁ%ng digapn sforage materlal

of any one of claims 16 to 19 w erel Is Na
The hydrogen storage material of any one of claims 16 to 20 wherein the
refirdm@iﬂg dieraehyopusetit ahagrmﬂmmrmimel ot tug49 PPWt% of a refining
ogen sto terial o Ia|m ein the, refinin
gﬁgi%ﬂéggregsﬁr?ﬁaég%%d 8trﬁa r&oé M6 2206 lﬁﬂ}ﬁ nt1 a\élggAan atomic

radmmm@fﬁh@mmﬁgqh@ hﬁﬁé@msdbsmmn mﬂﬂcﬁr desmgiesium;
characteristics of a hypoeutectic magnesium nickel alloy including the

t f .addi poeutectic magnesium-nickel melt, up to 2
\?vt%/g %ar FL¥NYg %r}% '%t Lﬁ%‘g‘g ol BidRifg 3'51%‘%%@%’%@%%???9 the group

copdistiegtdiaringeaik aABamiCH Gdlius, Withib, tRe, rasgendfEul.65 times the
atomic radius of magnesium;

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.

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

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

28. 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 %.

29. 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.

30. 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.

31.  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.



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 10casting the melt to produce the modified magnesium-nickel

alloy. 27. The method of modifying the ﬁydrogen absorption and/or
32desdfbaorrmtﬁmd:tenfstm‘9<mlb/|n@gmle<3|uhydhd@rallcabebmabn 2Gmdiereimlesorption

0 I is grea

chi1 QHEI 8*%‘919%%5%9%%&% %E‘%ﬁ%ﬂ’;"? §? Gﬂk%ﬁ 5@ % wherein the

than zero and up to 20 wt% ifying the hy rogen

refz%@@rﬁ'%fheﬁﬁ!ﬁcﬂr aeadiglicn addiiardaisrietion ¢ 2¢Raymesium nlckel
alloy of claim 27 wherein the magnesium-nickel melt contains nickel within
the range of 10-20 wt %. 29. 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. 20
30.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. 31.The method of modifying the hydrogen
absorption and/or desorption characteristics of a magnesium nickel
alloy of claim 29 wherein the refining element is 25 added at an addition
rate of 600 ppm to 2400 ppm. 15 32.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
present at an addition rate of up to 500 ppm.



