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Magnesi um al | oys for hydrogen storage Field of the

invention This invention relates to hydrogen storage
worioe/6@Fs and particularly relates to a cast BECT/Ay2005/001825

whi ch can be used as a hydrogen storage materi al .

Background of the inventiomp As the world' s popul ation

expands and econom c activity increases, there are

ever increasing signs that increasing atnospheric

concent r Magnesiurbaaloysdiarxhydregenstoragea ne earth

causing climate change. Wiile the eventual depletion

of the world's oil and fossil fuel energy sources wll

i nevitably require lﬁ%&gﬁ@&gﬂgﬁb&gﬁnergy sources to be

found, the nore noti Si g gl obal war m ng

his i BSS FS MBS it A L SRR b a cast
alloy wHIPE4E B8 UsRHRA s !ﬁ?ﬁ@@{e@hest@r!é@e(%ﬁé@iﬁl.di oxi de gases.
Hydrogen energy 1S attracting a great deal of interest

and is expected to eventually be a replacenent for
petrol eum based fuels. However, there are still
several techni cdpaskarasmndefthednveBtion: hat nust be
overconme before hydrogen can be adopted as a practi cal
As the fwayld's tiepulation exBands @ngdegenpontie aetivdy oipgeaasesf there are ever

creas B 45 BB R ol P R B or
warming ticel eaeth @ausivo elimatel oivarayed White thad seentusl depletign of the world’s

. Intensive to produce, _reducing any enyvironnent al
oil and fpssilfuelengrgy g&HF‘ﬁSOW'," 'B%Y'F?b@gée@éﬁ@ AlRgr ISCcqNPEMC energy sources

to be fouhH! #HEEMORE RoRBESNE! e o0QBEAT RAMAGNEVE InFedVelSESures for
S be r ed. a act

st orage vesse upt ur A safer,” nore conp
global ee¢igydspstemaditogmovet awaygefrom tcarbsrorrich tfuelst nihoss otomdbustion
als. W Itrated. with hydrogen at

nmat er i hen infi 4
producqSfarbp( oy prdserRuldioKgEaseshg i nter -metallic

compounds can absorb |large quantities of hydrogen in a
Hydrogg’r{fl fe%érgsiloilsia(%trggtgnrg aglggatsée%rl %?interest and is expected to eventually be a
replacement for petroleum based fuels. However, 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
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hydrogen can be rel eased when required by sinply

heating the alloy. Storage of hydrogen as a solid
whydsiesscan provi de a greater wei ght percent aR@r/AU2005/001825

storage than conpressed gas. However a desirable

hydrogen storage material gust have a hi ghstorage

capacity relative to the weight of the material, a

sui tabl e desorption tenperature, good Kkinetics, good .
storager eapaeipirelatiyeaita e owe@hiepﬁttihﬁemama} c@stsuitpflee desorption

e Y e

too stable and the terrperature nmust be increased to

purs BGAGSIA nbA"BHOERET 2408, GRS gt EpaRIF iR v

Howevéﬂtﬁbtr’ééﬁlhhg dydfde qsv%o @easie pindothet lerapratute enust be increased to
ble to not only reduce the amount of ener %
278°C fQé”qﬁ'ler aydiagenc i Lo relsasaddlbife desairtiop iamaperatyigemakes such

materiafe/ %6&40%{: ly Hh%ﬁ%@u%‘. %Ooﬁélh%&;r Bgﬁtteﬁhgfﬁtw@lsc&i@é adbfe to not
FeT ease th ydrogen. npar ed t'8 pure nesi u Ke
only redlmmthmdmwgﬁi\lbf basrgy rmﬂmedctohpthfas@eiheshyﬂragen dapdoianable the

offcient iAo of Exne iR Tarm JEbiieR B Aeaeele IYHROPHApOFPared to
pure mﬁdﬂfe‘éuﬂﬁ ORRSENAD oJﬂlPM%Nh AAS atealicéty ﬂ?@ﬂ%@lnsétéfa%%dﬁcity of 3.6

Ieved to involve e formati on of ?
wt % bpbnmp@rtegtly i the. temperatung regrikgdHor hydrngen release is decreased to

less thqrbgmi SE@@@ %qgrb%i%ﬁgil/‘h% ép%&eﬁ%ﬁ]g@' Pfyqigééﬁ ggorag belleved to

involve hihee fh@eitionsefl (s¥lidy -hydrie partiéles o : M@tﬂﬁraml SMgzN|H4 in the
Transactions 43 (2002) 1741-1747] to produce

microstrigbéi€ut ecti c My-Ni al | oys consisting of nagnesiumrich
dendri des surrounded by refined My-My Ni eutectic.
These al | oys absorb | arge anounts of hydrogen, sim|

Recentlyo tblup@ommmgrﬁe&halqale§pﬂoél9wgﬂ| Ry pagiahgemealjng @@énquenchmg
have b%é)r?gég(? el ﬂkp'gjis qc}r{]égg Matprials Trapsactions, 43 (2002) 1741-1747]

erat
to pro@@cﬂﬁrm@emameam-ﬂw atlagsh @dnmmgl tofi sndgridashvad nbhatdendrldes

surourg B R HERE bR s Abud st e mouns o
hydrogéﬁgé‘iﬁﬁFaF%rﬂLﬁs rﬁ%hé’smm and display only a single hydrogen absorption
plateau in the pressure-composition-temperature (PCT) curve, i.e. not separate
plateaus for each phase. It is believed that the nickel and/or Mg2Ni 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) 167-186] using nano technology and powder metallurgy techniques
to produce materials with large internal interfacial areas. These techniques are
attractive because they result in large interface areas and they introduce
crystallographic 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,
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phases via MgH2 formation. This realisation has
encouraged research [See review by S. Oinp and H
wWO-2006/06080p1 | ed Physics A 72 (2001) 167-186] usPCAD2006/001825
technol ogy and powder netallurgy techni ques to produce
materials with large intermal interfacial areas. These
techni ques are attractive because they result in |large
. [ Rt erface areas, and they introduce crystall ographic
twins efgl¢ fiie BoWgEHwauldba ighiy iCXRIPsieandivaiid \Risi priohiitivedy expensive

for largéisthld Ridss ﬂ?@&@&fdna%f &&ﬁmdééﬁh%%ggﬁ%%ﬁggg@ﬁ?%%nt& None of

m crostructure, enabling themt ve a
the resesrchieraporied thedateneonsiderst rhéthodeabyi which higher performance
0 rgy tec?mi ques

f natel v nano-scal.e p er tall
hydmg%&fsg&ﬁ%.emc? ORGRISr GAN R PT Evgﬁ%c%‘i&ﬂ'w W%‘?"aﬁﬁﬁ‘b processes more
applicablertoghasepiduthién.phases (ie. interfaces,twins etc),
t he powder woul d be highly explosive and woul d be

prohi bitively expensive for |arge-scal e nass

It is an PGS tAE MREsERTARSRicH td‘?ﬂf\ﬁ&e% Eés?é@gwglgg?@wmtﬁ'improved

None of the research reported to date cons
hydrogen-siesage pgpatlities. hi gher per f or mance hydrogen st or age
conmponents can be produced using | ower cost processes
nmore applicable to mass production. It is an object of
Referenagetopapy dior iant intheospedifigation denat, @asit stibuid Mohibeatdkey as, an

acknow!%fd%%/ﬁ%&rr?%rﬁdfg%déf%% :Saé@li 3?:1\% t@%tpﬁ?rgciﬂl el;rb‘q?g}s .5%{; 2# the (ce:ommon

generalknowledgwin Agstizisalt 5, oth8r pEkkARWbRIgNENt or any form
of suggestion that this prior art forns part of the

common general know edge in Australia or any other
jurisdiction. Su ry of t i hvention According to
one aspect, the %ﬁ?'&f’% IPventige a net hod of
.Ergduci nég a hydrogen storage material including the
Accordifg 3 Ongrasrsichi thg nvertignavriimravidrel meshad hfipiaducing a hydrogen
st agtbfiQn i a necrefini el egent.. the ,
or.a.gere |nilén]g§1cgﬂ'§adrlre ttjhge|§{negr)%ag)lfeﬁ‘)trﬂgm{'Hﬁir‘I gﬁwﬁI‘gg’&eﬁ'&é‘F‘l ekl melt having
additiongafeattleastsameursfining elehferitnthecagiathd sleffim beiry PR to promote a
) rra%n(tasi lflm[]i cke{ jnternmetallic . i
refined eutectic structure with increased twinning in the magnesium-nickel intermetallic
phase and solidifying the magnesium-nickel melt to a hydrogen storage material 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
within the range of greater than zero and up to 50 wt % Ni homogenising the
magnesium-nickel melt, and adding the refining element or elements to the melt under a
protective atmosphere 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 preferably has an atomic radius within the range of about 1-1.65
times that of magnesium. It is understood that refining elements with atomic radii within
this range will provide the refined eutectic structure discussed above. The preferred

refining elements are selected from the group comprising Zr, Na, K, Ba, Ca, Sr, La, Y,
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phase and solidifying the magnesiumnickel nelt to a
hydr ogen storage material with said refined eutectic

W@ R00606085. | n one preferred enbodi nent, the PCT/AU2005/001825
magnesi umni ckel nmelt is forned by the steps of adding
ni ckel to the magnesi um nel4 to produce a hypoeutectic
magnesi um ni ckel alloy within the range of greater

than zero and up to 50 wt % N_ hgnogeni sing the
Yb, Rb (Rrerfalite plemants sURl agdak ngiredriumdsiasidey telgsaimeefine the

magnegl’timgg?ié"ﬁd’lé %nHQmﬁé??u{%gFedﬂﬂ%@rat?eégt%tn%%bye oﬁh%&gg V\f%jrom the

) Ion rates reater than zero and
list. and preferably greater than zero and |ess than 500
ppm The refining elenment preferably has an atom c
radius within the range of about 1-1 .65 tinmes that of
In anothegasseainihel mverstlamnﬂay :prmmde ahakthoef ommguahg rmmdirogen storage

etk e e e s & i el h i o of
least o ‘?éﬁﬂﬁg‘élérﬁéht%%g?bﬁ@&hﬁ: %o*?ussﬁ)ltﬁ@[ e r%hag‘o@% g times that

group conprising Z
of maguesiami tharr@fll@agteﬂemeetrmng 'rravibledsn Ebe nZslt abaddition sates greater

inan 35 0% B 0 OSATEIEEL S B8, % Mg e

magnesiog hickél mef. anot her aspect, the invention nmay provide
a met hod of producing a hydrogen storage materi al
conprising the steps of form ng a nagnesi um ni ckel

The solidiftind apin [6tei dspeds |§fpréferél§|§%t c&4thg ﬁfeb'%ﬁé}eethé 'Fﬁé‘ltal is cast

havi ng an atom c radius within the range of 1-
by a swtahsg I@ﬂﬁ’&?dléﬂe FUeh@si mhmrtgmtpemreﬁeagpobmlhc rbeuldg coding the

st 140 S5yt By 8 M A0 S0 RL lok Rl owover.

once tmalley)lhe&l bgemg:atsh& igethen ssubjedti tokettivaribh. anth@se as a hydrogen
in_both aspects is preferably a

dify.
storag%%q t@%ﬁﬁ% rRiefarablrdisgd in dhe gast gapdition ¢ abl e
procedure such as pouring into preheated nmetallic

nmoul ds, codi ng the casti ng The solidifying step may be
In anothen&miaeRimes |Qfthe dnventio. rifefs dx @sevdded iplwdeagen storage alloy

comprising or consisting essentially of greater than zero and up to 50 wt % Ni; 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 preferred refining additions are selected from the group of Zr, Na, K, Ba, Ca, Sr, La,
Y, Yb, Rb, Cs and rare earth elements with addition rates greater than zero and up to 2
wi% and 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
about that of magnesium up to 1.65 times the atomic radius of magnesium to
hypoeutectic and hypereutectic MgNi systems, twin crystal defects are encouraged in
the Mg2Ni intermetallic phase. It is thought that increasing the refinement and crystal
defects in the Mg:Ni phase catalyses the hydriding reaction in the magnesium rich solid



once the alloy has been cast it is then subject to

activation and use as a hydrogen storage material. The
w@bdoo6isst pref erably used in the cast conditi oPCT/AL2005/001825

anot her enbodi nent of the invention, there is provided

a hydrogen storage alloy cdhprising or consisting

essentially of greater than zero and up to 50 wt % N ;

g e 3 nd to 2 W % of refining
phasesghERMeChiidy 1€ Bichaiifio e iBrpclbof Hie allowionnidragen uptake and
the kineticsadfahé hjdiogebbatiddrpsor.hat of magnesium and_the

bal ance magnesi um and i ncidental inpurities. The

preferred refining additions are selected fromthe
Furthergion rasotheZhateil idprddaice idiff i and.

rare earth el errensjt<|g Wi t h@?gdaistbia%% ggédslf%rtlgﬁ?pgpg%%saﬁt IS @ more
commeseiply afirblepprosess Wiovslarae seeleemasisy pgochation bhapdarfen storage

5 compo | ess than 500 ppm The nore preferred addition

el enents are sodi um and zirconium The applicants have
found that by the addition of trace elenents having
atomc radii of about that of magnesiumup to 1.65
t i mes Deaseription of thel duwirigsnayd prefeirdd e MRt i C
and hypereutectic MJNI systens, twin crystal defects

Furtherdeatuces objeatrednd mdvhataed Nf th@?:i@és‘@{t%\l/érﬁidhr\ﬁﬁl%ec:ohé apparent

t ht that .inhcreasing the refinenment and crysta
from the, Eﬁ@’gf"%g f’ﬁs?f#ét'%(zfﬁﬁhemﬁaf@ére@a@mmd@sentmdﬂ@dnmmmg drawings
in whickk eaction in the nagnesiumrich solidphases of the
all oy, thus increasing the capacity of the alloy for
hydr ogen uptake and the kinetics of the hydrogen
10 Fig 1 ' o terjal Is oduced b
0 1 ISR PRERUETommbsithl FiherBlure el ¢t arfniptielf HaGhestlim atoy
with 14%oNwerci al |y vi abl e process for large scal e mass
production of hydrogen storage conponents. Description
of the drawi ngs and preferred enbodi nent Further

Fig 2 is egraph esinubpsing aativatiuivireag8500C dride2 MRS A Examples 1-6
invention will becone apparent fromthe foll ow ng ’
description of the preferred enbodi nent and

Fig 3 is aggrapp aififACGigabsenptiog Hata 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 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 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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in which Fig 1 is a pressure conposition tenperature
graph of an unnodified magnesiumalloy with 14% N,
WO-2@6/A6G881 a gr aph sunmari si ng activation tinme BCT/36008001825

and 2 MPa for Exanples 1-6, Fig 3 is a graph of PCT
absorption data at 3500C argl 2 MPa for Exanples 1-6,
Fig 4 is a graph of PCT absorption data at 3000C and 2
MPa f or fs Fig 5 is a graph of PCT

The hv&ﬁ%ﬁ%?t%ﬁgwa el & goedusrs Bchmnebfo @St%n’ﬁvfé”dlcm- by forming a

i O Bi P, p n
magneg'tuﬁwsglglééla%%Eziall\?/@a’ﬁiéglggfd ﬁiloggg rgg ﬁ%&lﬁ’rﬁ Eﬁsh%r%' ng ci]%on may be
up to SPevidbinickshbpt thet nméerredbaddmbncrateam@vnﬁ%cmpall@,nn"feﬁrof 10-20 wt %

. nodi f i 14 N all Fi IS raph of the
nickel. §BEZH isFelthizea o providiba Hoptodepisa w178 “and Fi g
9(a)-9(h) are SEM m crographs of the as cast al | oys of
storage material is produced

To thisgxglggﬁlagﬁ@l-@gkgﬂglkﬁl‘vtéa] e g}?rgant]soqfnpwataélography modifying material
are adHéGnﬁmbU@Teﬁh&h@'ac*Ri/ecﬂ‘%ﬁlénlﬁogécﬂﬁ% %ﬁn Eefﬁ Pglgxﬁi ‘YRase and

The nickel addition may be up to 5 Yo ni C
promote e refingideeviegtia ddiuctue with dngpreesed dwiraingilin dye medgnesium-nickel
mterme%gﬂl gh %m ckel. The nelt is then m xed to provide a
?%ed nix. To this magnesi um ni ckel alloy, trace
el ements of crystall ography nmodi fying material are

The rarﬁe ﬁfjgleg{%%ﬁel S glfqg ﬁ vgr@oﬁc‘g ar}%bgg%@igpicgr%dn around that of
magne§|t|fm§tﬁdmp tol 1.65 itigeLBRe &f idhdisiin ighdtiRBlude Zr, K, Na, Ba, Ca, Sr,
gnesi um ni ckel internetalllc phase. The range of

La, Y, glber?@nt(és sabd Jafe Rgrthhaetal lemets. cie; prefarrad alements used are

ALt hat of magnesium and up to 1.65 timnes
sodlum /61,?( magnesi um and i nclude Zr, K, Na, Ba, Ca, Sr,
La Y, Yb, Ro, Cs and rare earth netal elenents. The

The mél i§ 2SI LIPS R oYERlethE iR ahd R dhasr 4 Ip'rro Q0 atmosphere

during the homogenising step. The protective atmosphere is any atmosphere which
prevents the magnesium from combusting. Typical atmospheres 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
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 hydrogen absorption of metal hydride alloys is characterised using equilibrium
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 nmelt is again stirred to honogeni se the m x and
hel d under a protective atnosphere during the
whowwnensssi ng step. The protective at nosphere PGI/ALY005/001825
at nosphere whi ch prevents the magnesi um from
conbusting. Typical atnospheres include SF6 and HFC
134a. The netal is then cast by a suitable casting
rocedure such as b ouring into preheated netallic
P h'w% P g é{%

sorbed gl ihe. preasure afovhighssarption @cperss dberquandily obhydrogen sorbed is

[ r r f rat. Lt 1eS6 i d
expres{EAL @Dt B0 4y osHIRFL B8 o b, S8 yhoh atoms o
the nurdbes iof Yaterhis dhsthecbase msetahialiby srsad fiee lepgeacity f hydrogen in the
.reaction in the magnesiumrich solid phases of the
materiah pp@weightigeiceat BasiSng t he capacity and kinetics of
the alloy for hydrogen uptake. Exanples The hydrogen
absorption of netal hydride alloys is characterised
PCT sigadsdoeqhiassyre-cempesiienrisotisrpoand; showe e rmaximum hydrogen
: . ' t.a ¢,540 ] y epj I R
absorpi bepBety potdble 47,4 fhed Rrhatglep? THECBIARME' &' aorpton is
higher itiears (thaingt tdesorptiont ahy tile hegloongeinther Beldterud indiwates the range
. essure at, which sorption occurs. The quantity of
suitabie Qi PSR lioal SiofRaR el a3t ARRURANONR: ¢ er o of al | oy
conposition, either as an atomc ratio of hydrogen
ons to the number of atoms in t base.netal allo .
Most ofneckychfaer aetarbes in AyanGgeHnars IR itls Pirssufe Ghange. This
region W SHr BHESR pRASLFe i€ KhowRREStHeCblateau ptrﬁ%sunrgk_Metal hydride

"pressure-conposition-isothernm and shows raxi nmum
formatiby ds elgeractospranied by dysteresis, phinhi appeas as thexditierence between

tenperature. The pressure At absorption is higher than
the upref FBSata S Fofl 158 N sofP it BivEhe * pl'at eau

i ndi cates the range suitable for practical

torage/ rel ease applications. Mst of the hydrogen is
Examp%ogorbed in a range where there is little pressure

change. This region of near constant pressure i s known

h | at ., Metal h [ .

An unr%ts)dltfieg ﬁ\a%nggildn{) Ira ggs/uégntal'\r{?ngam WI Rlle was subjecied 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.

Examples 2-6

The magnesium nickel alloy of Example 1 was modified by the addition of a refining
element.
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15

formation is al so acconpani ed by hysteresis, which
appears as the difference between the upper absorption
w@eoseomsd the | ower desorption curve. Exanpl ePdT/An2005/001825

unnodi fi ed magnesi um all oy containing 14 wt % N was
subjected to a 2 MPa hydrogen at nosphere at 3500C for
a period of 20 hours. The pressure conposition
tenperature data was recorded and shown in Figure 1.

Table 1 BhowisRhguefining etemenricand, tel additiomeate af thajfelementl | oy
can be determ ned. The "Activation tine" indicates how
qui ckly an all oy becones "ready" for use as a hydrogen

Table 1absorption alloy. Shorter activation tines save energy
and are indicative of fundanental material differences
in the kinetic performance of the alloys. Note that

activation is ggngral.l l,red only o ] e
Exampl?i fe-cycle of a Hg?ﬁ%@iﬁ[ezﬁ%ﬂ?taqe al | ov.R@géHtr%% al | oy

has been acti vat t he hydrogen absor|pt Ime is
2 significantly regﬁiu%ed as evi denced by F%Aééqqgéw cycl es

of the run. Exan'ghlles 2-6 The magnesi um@#d:kel al | oy of
Exampl e 1 was ngd'®ied by the addition BPMef i ni ng

elenent. Tabl e 1 |shows the refining ele and t he

time fromthese [exanples 1s sunmarisedl Ln Figure 2.
From t hese resul tEsl,l it can be seen t hatS¥PP¥htion

tTTe canm be reduced t0 about 40% of that of the

3
4 addition rate ofl #®at el ement. Table 1 PB®t i vati on
5
6 unnodi fi ed al | oyl £F r om dhours to 3. 8hoyd ¥i% This is of

practical—significance butnore rnmportantty it 1S
i ndicative of the superior kinetic performance of the
nodified alloy. Wien the data collected in the above

I V. e [
the acfi§FFH e Yo RRRR SR AR ARSI s RGO K 50 B rosuts
it can be seen that activation time can be reduced to about 40% of that of the
unmodified alloy (from 8hours to 3.8hours). This is of practical significance but more
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
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 wi% 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.

At lower temperatures, there is a decreased capacity for absorption but a large
difference in performance between alloys. The PCT curve (absorption only) at 300°C
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PCT curves (absorption only) at 3500C show all six
sanpl es can absorb around 7 wt % hydrogen. There is

wo paobloensdi f f erence between the sanples. 100% pRCEANRO5/001825
absorbs 7.6 wt % of hydrogen and 7 wt % of hydrogen
absorption is close to thegheoretical limts for a
My- 14 wt% Ni sanple. The My primary phases are
regarded as the hydrogen absorbi ng phases and eutectic

clearly showsihe inproyemsingef kyrrogen apsomwtioatiEamd. ¢ wivninmagified) to 6.6
0 t | f Exanpl
wtth (NG TSI A AR o Bid 68% (B9Bboc ana 250c wi o

the absorption results shown in Figures 4 and 5

e BSEPESUOIFRY, o el RS SRFL00H) Sy tmken om e

results dhb\fvﬁﬁﬁfﬁ@mefﬁ Aecawbetseen that 3E850W tay maxithemP{ybirogen storage
curve bsorption only) at 3000Ccl early shows the

capacity ﬂﬁ)ﬁmlﬁfréﬂ'fotkﬁ‘ﬂ hyiebiENbsAPIRS @St  rom 5. 7 wt %
(unnodified) to 6.6 w% (Na high, Ca and Zr addition)
or 6.8 w% (Na low). Figure 6 is a summary of the
At 250%aiherinadied alrs @@s%fﬂﬁfi%@néatbﬁdﬂﬁylmlﬁkél’ydfqgﬁﬂ eqpacity can be

mcreasgggﬁ@l tw%ﬂof"@vt%r}e ah|9% E& i uﬁﬁoﬁﬂ‘i‘%dbaqloggﬁpp‘f @%twl% o 6.5 wi%).

e nmaxi mum rogen storage ca srm
(around 7 wt% for aII sarrpl es cast. At 250 Cthe

Even 200 1P o PhRdBEe o RBRAte ST IR0 28R dmtely

5.5 wt% lo€ hydhogenf | ed aIon (from5.3 wt%to 6.5 w% . Even
at 200C (up to 2MPa condition), the sanples are shown
to absorb approxinmately 5.5 wt % of hydrogen. In regard

In regdrd tdethdedesdiption fedipeafure esudiyabt Ya f%dapfessada absorption
pressure, absorption ten‘%{gature |s | ower th
tempera@garlﬁtlpmerttbﬁa&wtp Peielie- t @Ka@tuteéapwtqres will vary

depenq‘rf@ %ndﬁ%eﬁpésré {%QDF@ Rr the rélg%ﬁsl'? e #:r&’dsolg;%tlon and

ati ons n adsor I on an deso or t
desorptiomofbrf thed legndeﬁﬁbd aMgoy4ah alldy MRal.2r rMPads'quJtactsmrption start

tempergbgg%{ge@:eag&wé Y :agttﬁfs: Qo}/q;\w@ggqe éetrgsgr@;ure 2. When the alloy

then goes through the desorption of 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
alloys, it can be seen that the desorption end temperature (plateau region of Figure 8) at
0.2 MPa decreases approximaiely 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 faulis and the density of
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.
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then goes through the desorption of cycle, the

desorption start tenperature 3 can be seen to be
whe@hesosshan t he desorption end tenperature 4.PCTAUR®S/001825

representation of the nodified alloys of Exanples 2-6

relative to the unnodifiedi@lloys, it can be seen that

the desorption end tenperature (plateau region of

The i ok nesice pa i 5 SRS G AL e s
mioorify s S5 SRR St 4l ipcii:Fio o0

is the SEM feathessarne alloyuwith & aidditiong &igunet #(c) as:trm S&M &y low sodium

hin th t of st |t
actiont Aok e RS Mo bR AU aBlicRhy R5008, bAHE Sp2"Sem for
calcmmr@(?d]ﬁér‘l UgH 'rﬁgesb(f)ais' fe SEM itSr Pl hey@en! Fﬁ IQ@els the Mg 14 Ni

I ning e nt 'shoul d have an atomc ra
unmodifiecth gdoyresft highed raagniicationofdgro(h isdhe dow se@ium addl’ﬂon at the

cts in the as cast netal. The
“'ghe”'i‘ﬂ%fﬂ'b%%t&’% d'Sg(S ations caused by the additions is
illustrated in the SEM m crographs Fi gures 9(a)-9(h).

Figure oS S seaBring eqiore ineda £ Vad BRGtc ARk N atoys o
(a) andFE%Uﬁﬁm%ﬁiﬁed' él\/? hl@vt@ﬁ\/' édﬂltld)@W(é)Odhdl r('l'@iciiil()‘{)lpﬁm Niagidition, (d)

for high sodium addition;

2400pp s Neredditimn.f () &QQPQWQﬁaﬁﬂﬂlﬁqmﬁndéﬁ@QﬂRyr@@ﬁ aqi@t'%@%loys The
|
i n 0o g TP e, Btk iy conast s te
Mg MgQNﬁB bOVé(SIQdISImOﬁ.ddl Thenlmageﬂe claaagllyerdamgmstfateata overygf refined
tg regs ows ndar n mags
R YRR R e T
HW | pddi t| on (c) and (h) 600ppm Na
mlcrosta I't I@%ﬁé’z:gfr@d&%%&psﬁnﬁ%a addition, (e) 800ppm Ca
addition and (f) dOOppm Eu addition alloys. The bl ack
il Lgur rdet 0
All modified BB B0 o o e I AR 1 SR oRn AR, 1 wite for the
maximush hydregen abserptiongapacite diiey refinenesttradttbe struetuye, even at trace
refined fibrou tectic mcerostructure jn.all .
levels afGldRiath Issah Rrod i BEAIRE e e B ulegiig sprgings befow um

and often below 500 nm. Thus, a nano-scale material is obtained through the
combination



m crostructure in the unnodified sanple. Al nodified

sanpl es show a rel ative i nprovenent of approxinmately 1
waees 085t he maxi mum hydr ogen absor pti on capacPCHAUTI06/001825

refinement of the structure, even at trace |levels of

addi tion is considered quife renmarkable yielding

eutecti c spaci ngs bel ow 1nm and often bel ow 500 nm

Thus, a nano-scale material is obtained through the

combi nati onCLAIMS 1. A ggtfypgs of producing a hydrogen

storage material including the steps of: formng a

1 ARG AR TS B el Sns

under a non-oxi di sing atnosphere, the refining el ement

rofie drneosmenipaa it eV JRd8rs e Aneel  Gi 7 ng

the nelt to produce the hydrogen storage naterial. 2.

<o 80250y B 04y BBRAE B g B TRRE oo

TR SHhiRS IAEMERORRYIAG &IF AEEMROREiISE WihimtheZrandé of 1-1.65
° atmospr%r Ba, (ria IS?, La, Y, Yb,g Rb and Cs. 3. The nethod of
times theladomic ragiiuofinageesiurh@nglagnesi um ni ckel nel t
contains nickel within the range of 10-20 wt % 4. The
met hod of claiml or 2 wherein the refining elenment is
salidifihg theamedtddiproducerthedydroggn stioragmmatenals. The
met hod of claiml wherein the nelt is solidified by
casting. 6. A magnesium nickel alloy consisting .
2. Tessewthad lof prbdugngat bydrogen sterageameatepal of st 1 oyherein the
. 0 ¥ .. -
refining glegngﬁf at %H@éggﬁeﬁéé%egmf gﬁgﬁ{etoofrgm%e/ﬁr%p Boh&ELRG B8 zr, Na, K,
10 Ba, Ca, Sr, La, Y, Yb, Rb and Cs.
3. The method of claim 1 or 2 wherein the magnesium-nickel melt contains nickel
within the range of 10-20 wt %.
4. The method of claim 1 or 2 wherein the refining element is added at an addition
rate of up to 500 ppm.
15 5. The method of claim 1 wherein the melt is solidified by casting.
6. A magnesium nickel alloy consisting essentially of.
greater than zero and up to 50 wt % Ni;
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 magnesium;
20 and

the balance magnesium and incidental impurities.
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having an atomc radius in the range of 1 to 1.65

tinmes the atom c radius of magnesiun and the bal ance
wore@neelissim and i nci dental inpurities.7. The naPCEAUN®F/001825

ni ckel alloy of claim®6 wherein the refining el ement

Is at | east one el enent seliected fromthe group of Zr,

Na, K, Ba, Ca, Sr, La, Y, Yb, Ro and Cs. 8. The

magnesi um ni ckel al | oy of claim7 wherein the refinijng
7. Temagnesiimridwhaliay odddeim Snwhatedd toe é@fsréngteﬁ\%me%#%at least

one eleﬁfP&%t lé@!)etcv%ds%npt@l?rgergu;? l-glﬁir WW@SI’?Q Qi gKgly ‘ng R® and Cs.

'as cast has’ a ref h
eutectic structure vvlth twinning in the

8. @E@gﬁ%ﬁ%@ Jfafgcg fﬂam \g/h%g%i Zr)se Fe(?rmrﬁcgpéﬂ{é?ﬁqg present at
additior} Ffte@grénter ﬂférﬂtbrﬁ@hdgﬂﬁatmo ppan zero and up to 50 vvt

% Ni; greater than zero and up to 2 wt % of a refining
el emsnt the refining el emrent having an atom c radius

9. The M‘tfgrfe%l’lﬂﬁ itkel diiBy bftdiaim Bewhehsn ah@rlloy raadeast tds a refined
magnesi unm and t he bal ance magnesi um_and i nci dent al

eutectig ﬁﬁﬁwtufe wih twinninghia the dragrasidmotiske! ingreptadic k138 ai m
10 wherein the material is formed fromthe as cast
allo 12. A nmethod of nodifying the hydrogen
10. A pgermrst@r@sﬁdmatpé@brfpﬁm% feana rapagnesiyraighel alloy, the alloy

includir{%gnes' um ni ckel alloy including the steps of adding
a magnesi umni ckel nmelt including greater than zero
and up to 50 wt % nickel, up to 2 wt%of a refining

[ [ at mosphere, the refining
iﬂﬁgﬁﬁbaﬁgféaﬁgﬂgqﬁ%\gf ?a ?us wi thin the range of
1-1 .65 tinmes the atom c radi us of magnesi um and
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 magnesium;

and
the balance magnesium and incidental impurities.

11.  The hydrogen storage material of claim 10 wherein the material is formed from
the as cast alloy.

12. A method of modifying the hydrogen adsorption and/or desorption characteristics
of a magnesium nickel alloy including the steps of

adding to a magnesium-nickel melt including greater than zero and up to 50 wt%
nickel, up to 2 wit% of a refining element under a non-oxidising atmosphere, the refining
element having an atomic radius within the range of 1-1.65 times the atomic radius of
magnesium; and

solidifying the melt to produce the modified magnesium-nickel alloy.
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solidifying the melt to produce the nodified
magnesi um ni ckel alloy.13. The nethod of nodifying the
whyasoesa adsor pti on and/ or desorpti on charact BCT/aU2®S/001825
of a magnesi um nickel alloy of claim12 wherein the
refining element is at | eagg one el enent selected from
the group consisting of Zr, Na, K Ba, Ca, Sr, La, Y,
Ro and Cs. 14. The method of nodi fyi ng the
13. Trlrgedr owshochdobr predifyingndihe  Budwgeni ordsaaiieiet @ndir; cdesorption

carec Bl BORTRHREIY s BY P et A tfpesmen

at leastraregeleaient GeRidteod froom fHe grblue cwisistingadf Zrpdliaf W, tap, tGee Sr, La, Y,
hydr ogen adsorption and/or desorption characteristics
Yb, Rb ghd Csragnesi um ni ckel alloy of clains 12 or 13 wherein
the refining elenent is added at an addition rate of
reater than zero and up to 50 6. The netho f i
14. ﬁ‘lﬁil mathedt é  Hyedibing H&%or‘“pﬁil"lﬂ?”ana&?ﬂrpﬁ%%oﬁ?@/‘?fn desorption

charact%] 8fi@cLey| %E#]e ntgf]trﬁc@%ﬂ?fgr'ﬂa'e}gyﬁ%‘ orallé%e‘?&ncthé'rﬂhgnesmm—

ereln 'S SO by casting and
nickel no@lb comigirisheickel stithig the range of 10-20 wt %.

15. The method of modifying the hydrogen adsorption and/or desorption
characteristics of a magnesium nickel alloy of claims 12 or 13 wherein the refining

element is added at an addition rate of greater than zero and up to 500 ppm.

16. The method of modifying the hydrogen adsorption and/or desorption
characteristics of a magnesium nickel alloy of claim 12 wherein the melt is solidified by

casting and cooling the casting.



