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: ABSTRACT

A literature search has revealed that ABz-fype

intermetallic compounds exh1b1t desirable hydrogen- storage'

‘-

characterlstlus, such as hlgh hydrngen -apac1t1es and rapid

hydriding/dehydridzng klnetlcs. 'in partxgular, research in

recent years has focussed on so—éaliedupseudobinary alloys

-(A(BBi-n")=2). The additional traﬁsition element,provides a-

. means of vary;ng hydrzde enthalples, enabling one to obtazn

virtually any desxred stabxlxty level, while at the same-

t1me maintaining adequate sorptlon -apaulty.

One grouﬁ of pseudobinary Eompqunds, ie Zr(Fe,Cr?_,)m,

is investigated here, over tﬁe q;0<i<0.8 camposition range.

T b

These intermetallics are predominantly  single-phased,
identified as the hexagaﬁal, Laves phase. 'Hydfogen is
absorbed quite readily, with no spacial activation

" treatment. Hydrogen'absorption results in the formation of

a distinct hydride phase, wlth the same crystal structure as

the parent compound. The hydrzde formed wvaries in

composition through the two phaée region.
: _ : o

Hydride stabilities Care found ‘to obey Fhe rule of
reversed stability, 1e alloy enthalpies increase, while
hydride'enthalpies d;creasé, with increasing Fe substitution
for Cr. This trénd appears to be -both ‘electronic and

chemical affinity dependent.- .




*

-

“ T % ) . ’ N
.- the best overall energy storage characteristics, ie a

§

relatively high sorption__capacitﬁ (H/M= 1.0)> and 1low

stability (AH= =25 kJ/mol Hz). This ‘éqmposition compar es

-

favourably to.EéNig, in terms of hydride stability, hydrogen

capacity and reaqtion kinetics. In fact, kinetics are

considerably better for ZIr(Feo.»alre.zs=)z, both in. the

initial cycle ‘and during'subséquent absorptibn cycles.

-

Of these intermetallics, Zr (Feo.»ulro.2s)= demonstrates

ls
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o | CHAPTER 1
INTRODUCTION

.Hydrogeh, a; a medium for both energy transmission and
storagé, show; cqnsiderable promise. Hydrogen _has‘ the
highest énergy density of any chemical and can bé -utilizéd
as an energy medium in a number of ways, ranginé' from
internal combustion engiﬁes to fuel cells. qu is
egsentially non—-polluting, the ma jor by—product af
combustion beiég uate? vapour, and it can be genefated from
readily available and abundaﬁt énergy soufces. Iﬁcoﬁplete
combustion of hydrogen may result in thg‘formation of
nitrous oxides, but these can be reduced substantially by
system de;ign changes. A number of limitations do exisf,
however, preventing immediate and large scale .exploitation

of hydreogen as a fuel. These limitations lie in the areas

of hydrogen production, utilization and storage.

aUnl;ke fbssil fuels, hydrogen is only an energy carrier
(hot a primary source) and must be produced from other
energy forms. it does, however, provide a means of
harnessing relatively obscure energy sources su&h as solar
power, wind power, ltidaf power, etc. Hydriogen can be
extracted from fossil fuels or water (1-10), Fossil fuels
are a limited and diminishing resaource, while water may be

considered as imexhaustible. ©Loal has been ‘proposed as a

AN



short—to—medium range source for hydroéén:‘Ci,4);' although
the high sulphuricontént virtually n;gates any enQiromental
advantage of hydrdgen. Water aﬁpears 'to ‘be the obvious,
_uitimaté sodrce of hyd?&gén. The spiitting of water can be
achieved by electrolysis and thermo—méﬁhanical processes
(5-4). Electrolysing water with off beak electricity does
not appear to be too. practical in the near futuﬁg, because

of high capital costs and low round trip efficiency for the

-
.

conversion of electricity to hydrogen and béck.again (234
f4). Thermo—-mechanical processes utilize ~heat insteaﬁ of
work to produce hyd:igen; again, efficiencies are quite low,
.ie in the 20-40% range. = A summary of various' hydrogen

production methnds is shown in figure 1.1.

As a fuel, hydrogen 1s very versatile. Applications

involve internél combustion engines (11D, fuel cells
(12,13, thermal eng}nes'(14), air—conditioning systems (13D
and heat exchangers CIS). At the preéent. time, internal
-ambustion engines and fuel cells appear to be  the prime
utilization methods. The conversion of conventional
gasoline powered engines o hydrogen can Dbe accdmplished
u?th few modi fications,  providing an imupediate to
near—future utilization  method. Iin . fact, a number of
vehiclaes have been successfully conyertéd to hydrogenlin the

United States, Euroﬁe and Japan. an example of one of these

vehicles is shown in figure 1.2 (17). Fuel tefls, though,

[
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appear to be the way-‘of the future, as their efficiencies
L e . p o
exceed those 'of internal combustion engines (12,18). A

number of fuel cells have been developed and show potentialj;
x .

for example, a hydride—air - fuel cell (12> and @ - Ni-Ha
. S

battery (13). Problems still exist in areas such as meeting

power regquirements, reliability and battery lifetime

(12,13).

L) ‘o

- . /
The major meghods for storing hydrogen include liquid,

gaseous and solid state storage. zkiquid hydrogén is
contained in Dewar flasks, vwith iiqﬁefaction lcbhstituting
the major'ekﬁense:fls,ZO); For a‘réfrige;ation cytle that is
33% efficient, the nerg; for liquefaction is estimated at
10 kW—h—kg—*. This/quantity is about 25% ~of the eneray

available from hydrogen combustion (20).

Baseous storage is possible by meansl of glass
microsphe?es (19, Hicroéph@ées are small glass sphéres, =)
to &0 microns in &iameter, made—from fly ash. These sphereé
a;e permeable tb hydrogen at elevated temperatures and
imperméable at low temperatures. Most ?ﬁ the expense here
i§ due“to the  refilling stage, .where hydrogen nmust be
compfessed and. the system heated to .300°C. The energy:

required for this process is.estimated at about 3% of the

energy available during combustion (19).

Metal hydrides are chemical compounds of metals and



'hydrogen (21-233. Hydrogen is stored‘safély insi@e fhe metal
itself, and the amount of hydrogen-gontained pér.upit voiume
can exceed that of” either gaseous or liquid storage
methods. HydrSgen ic absorbed into the metal by exposing
the sﬁrface to the pressu%i;ed gas at. room tempefature. The
absorption reaction —is éxothgrmic, permitting indefinite
containment of hydroge;. Stored hydrogen, because of the
endothermic -nature Ef the desorption reaction, is released
by.subsequent heating of the hydride or reduction of system

preassures to appropriate levels. The heat required to

liberate hydrogen mayrbe-obtaiﬁed from waste heat generated

during energy conversion. An  example of a hyd?ide storage

tank, used in a Mercedes—Benz van, is shown in figure 1.3.

In this study, hydrog?n containment 1is investigated,
and more specifically, smlid state storage with metal
hydrides. One group of intermetaliic compounds, _ie AB =
compounds (A is~normally an early transition metaf, uhiIé B
is a mid-to-late transition metal), absorbs large quantities
of hydrogen,'up td a hydrogen-to—m;tal ratio (H/M)' of 2.0,
However, the hydrides formed tend to be quite stab{e; for
examplé, ZrD;=H4_° has an equilibrium pressure at SOeC of <
0.012 atm. Another ABz intermetallic, ZrFe=, on the other
hand, has a low sorption capacity (H/M<  0.15), ,while the

hydride formed 1is quite unstable. Consequently{k by

substituting Fe for some of the Cr in ZrCr=, one should be

¢



able to Ttailor’ the resultant 'pseudobinary' .compound
(Zr (Feualri—=)=) to yield more desi;able storage properties,

ie reduced stability and adequaté;sorptidh capacity.

. Hydrogen .absorption.and.desorptioh'characteristics of
these Zr (Fexlrai—.)d= ;ntermetaliics are aexamined here.
Thermodynamic and electronic. | cohtributions and
interdeﬁendéncies are probed along with their resgltant
effgcts on tapacity and hydrogen site occupancy. Structural
relationships are also investigateé, using x-ray, SEM, TEM
;nﬂ HVEM techniques; Uitimately, an optimum Zr(Fe .lri—u)=
composition is determinéﬁ and this ipte;metallic is combared

to the ﬁpest commercially available. storage material, ie

. .

LaNig.
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}
Mercedes-Benz T-model for mixed hydrogen/gasoline operation

2 Filling connections
3 Gasoline tank i
4 Matel-hydride hydrogen tBnK

9 Hydrogen injection valve
10 Petrol infection valve
11 Exhaust gas heat exchanger with axhaust flaps
12 Electronic engine control system
13 Clreutation pump for heat exchanger
14 Ventilation outiet for storage system
15 Ventilation cutiet for passanger companment -

1

- B

Figure 1.2 S(iljyx?matic draﬁing of hvdrogen powered vehicle



) 1 Storage tube 5 Fiter (sintered metal) S Water outlet
2 Hy-guide tube 6 Gas-collecting tube 10 Filing body
3 Lamella 7 Hp-connection 11 Vent valve
4 Hydride ' B Water infet 12 Shell ;

Figure 1.3 Schematic drawing of a hydride storage
' tank, illustrating the major components.

-
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CHAPTER 2

LITERATURE REVIEW
2.1) Physical Chemistry

2.11) Bonding

~

Hydrogen reacts with a limited number of metals to form

-~

metal hydrides. The ost reactive metals, with respecf to

hydrogen interaction, "are those with 1ow ignization

energies, ie the alkali, alkaline-earth and the lanthanide

metals.: Early transition metals such as Ti, V and Ir
approach uﬁrse in terms of their reactivity with hydrogen.
Unstable hydrides ;} transitioﬁ metals, eg. 'Mn, Fe, Co, Mo,
and Rh, can.be formed under high pressure conditions. The
periodic tabie ih figure 2.1 shows the occurence of some of
the more = OmMon binary hydrides farmed (Z21). Very aften the

Te

direct reaction of hydrogen with metals is very sluggish,

due primarily_tp elemental sensitiviiy &to the presence of

minor impurities. Intermetallic hydrides, on the other

hand, can be formed in many cases quite readily.

Three possible tyﬁes of hydrides, namely saline,

covalent and metallic hydrides, may be formed during
hydrogen—metal reactions (22,23,24). The saline~- or
ionic—type bond consists of metal cations and hydrogen

anions. These hydrides lare produced by direct reaction of



-

Hydrogén -~with alkali -or 'alkaline-arth metals. — Also
included. in ~this group is magnesium which exhibits - some.
" covalency. The alkali metal Vhydtides'_Have a sodium -

chloride—type struﬁture}'while the alkaline eérth.;hydrides';

show a barium chloride—type .structure. For the most part”.
these hydrides are- toms  stable for hydrogen storage

'applicatibns, with the excéption of magnesium‘hydridéi

§ = Covaleht.hydrides are formed by of Bé and some of the

B-group metals of the ‘periodic table (figure 2.1). The
hydrides may be solid, liquid or gaseeﬁs and zan be quite

unstable. None of these hydrides are formed by direct
reaction with the metal, eﬂfeﬁigvely eliminating them as

potentigl storage materials. . ' - _‘ -

The type of bonding shown by theimajority:of potential

/--\ ' - ) > - . ) » "
L hydragen storage hydrides 1is metallic in nature. Metallic
- \ . .
hydrides generally have a metallic appearance with high.

thermal and electrical conductivifies (24, They are formed
by reaction of hydrogen with elements of groups IIIA=VIIIA

N\

in the periodic table (figure Z.13.

A number of general obsérvatidns can be made concerniné
metallic hydrides c25,25,27f= 1) The metal atoms in metailic
hydrides are at least tfivaleﬁt. - QOrbital  overlap
necessitates that there bé clﬁse metal—metal. spac;ng and
entering hydfcgen sho&ld'ﬁe chsi&eréd as metallic. ‘2) Most

-



: o, .
catalytic properties of transition mgtal ang_ rare earth.

»
[}

hydride systehs. can be.ekﬁlé{néa.ig- te;ﬁ; of ‘d—electron
interaction. ,3)“ Most catalytic propeftieéliof”hactinide
' sg3£ems (up to plutonium) ére 'explainable ;n terms of
'f¥e1§£tron interactions. - 4, If d~ C(or f=) eleﬁ%rbn; ére‘
tied up_iﬁ metallic'bon&ing, Ehey will not, in generai, be
available for-chemisofp%ion catalysis. . Canvéésély, ;f d-
(or f—) electrons ar§ not involvéd‘in metallic.bonaing; théy

"-“*\_,2i11 be available for chemisorption catalysis.

Metallic hydrides can Dbe 'diviqed into  three groups

‘according  to the types of metals involved; namely fhe
’ .

fhighly electropositive’ metals, .the fless electropositive’

metals and‘the ’still.less éledtropositive’ metals (27).

The highly electropositive metals consist of the
actinideé, the rare earths and the ea?ly transition metals.
The basic characteristics are as follows (3,27,28): 1) The

Pauling'electronegativity di fferences (4n) between these

r

metals and hydrogen lie in the 0.3 to 1.0 . range (figure

.2.2). 2) The heats of reaction and solution are exothermic.

3 -Hydfogen atoms. are found primarily - in tetrahedral
positions. 4) Hydriding .reactibns are poisoned by

electrophilic (electron—seeking) molecul es.

.

The less electropositive metals are made up of the
H

‘middle transition metals, such as Fe, o, W, etc., and

N

\



xh1b1t‘the followxng (57,29) character:st1cs._‘1) Hydrides;
are . ﬁot‘ formed read:ly because of hzgh valenéies,..iarge
coﬁes:ve energ1es and lattlces that ‘are too small. 23 Thé
,glectronegat1v1ty dszerenueg ‘are .in the 0._ to 0. é fange.

33 Heats of reaction and solution becbme gndothermic. 4)

They may cause majorﬁelettrbnic effects as alloy additions.

%hé.still }géé electropositi#e metals include the late
Vkrahsitionr ﬁéfals, such as Ni and Pd. These can be
characterized as folldus'(ﬁf;EQJL 1) They form hydrides in a
mplex manner by adding eleutroas both to the nearly filled

metal d—states and also tu a new state dr awn below the Fermi

level. 2) Heats of reaction and solution are complex. =
Hydrogen atoms ére found in octahedral positions. 4D
. Hydriding reactions are poisoned by electrophobic

(el ectron—donating) molecules.

The remainder of the llterature review wlll deal almﬂst

exu1u51vely wlth metalllually bonded hydrides.
~ 2.12) Binary Metal Hydrides

The crystal chemistry of metal hydrides <an Ee based ﬁn
the idea that they are_essentially *interstitial phases' of
hydrogen in a metal lattice mafrik (20). The insertidn of
hydrogen into the métal lattice can ocscur in tyolways (283:

1} There may be a reorganizafion of the metal lattice or a

change in the type of packing of metal atoms, eq. a



a

transition from bec ‘to foc.packing in the metal sublattice

of tHe hydride-'- 2) - The?e may be norsubsténtial change in
hgtal'strdqture,:ie packing remains the same. The first:

type ptedodiﬂ§tes in most binary metal hydrides.

The hydrogen atoms in binary metal hydride structures
are.enclosea“”in. three,‘types of co-ordination polyhedra,

namely tetrahdral, octahedral'and'triangular polyhedra (28).

The generallrule that the_to—érdinationfnumber of an atom,

B, falls as the atomic radius ratio, RA/RB, in a binary A—-B

alloy, -increases, also holds for binary hydrides. . The A

metal is assumed to. be larger than the B metal. The

- co—ordination number of the hydrogen atom chahgés from & to

4 to 3 as the metal radius is increaséd. In interstitial

structures,'the hole size, 'Made'up of atoms of radius Ra,

follows this sequence:
triangular (cn=32; Rchole) = 0.22 RAY <

tefrahedral Cen=t;. Rcthole) 0.41 RAY <, -

nctahedral (cn=6&; R(hole) 0.72 RA).

.

The above "implies that the hydrogen radius is not

constant but wvaries depending on the atomic enviroment.

Hydrogen atoms @ with the la?gést‘ radius are found in

octahedral positions, eq. 0.07 nm to 0.08 nm in La and Ce

hydrides at higher hydrogen concentrations. Hydrogen atoms

.13 -
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in ScHz. a= héve a co—ordination number ©f-3 with a fgdius of
absut 0.03 nm (which approaches the ‘cévalent radius for
- hydrogen of 0.028 nm). Tetrahedrally co—ordinated hydrogen
have radii in the mid—-range &f the limiting valués, ie §;94'

to 0.05 nm. ) .

The H-H interatomic distances in bingry hydrides of
group VI-VIII metals are quite large, due primarily_ 0 fhé
relatively low density of hydrogen in them (H-H d?staﬁces=,
C.286 nﬁ). ‘Nith increasing hydrogen content the H-H distance
decreases; and because of steric effects reaches a limit of
about 9.21 nm (31). Also, it shoula be noted that hydrogen'
doeé mot' necessarily occupy the mid-point of the iﬂteréfial

polyhedron.

On hydriding of the elements, there appears to be a
genheral progression in  hydrogen concentration  on  moving
across the Perinodic Table (29). For MH,, ¥y increases (moving

left to right), peaks at about 4 with Th, drops to 2 for Ti

and further decreases to 1 for Ni.

The rare earth metals are highly electropositive,
forming hydrides‘that are quite stable. Thé'valence band of
a rare earth consists of a nearly filled s bandland a d band
containing oneAto mor 2 fhan two eolectrons (27x. The 4f
electrons are quickly-locali:ed into magnetic atomic—like

states. In general, on hydriding, a new hydrogen—derived



band"is_ addedl below the d. levelé, filling tetrahedral
'sités.‘ Some glécfrdnic chargé is also added ta the
cgnduction‘band.'-Tﬁe conductivity is increased (by up ta
4025 ﬁﬁtil a‘compﬁsifion'of MHz: .=, whereupﬁn hydrogen begins
ﬁq enter octahedrél sites (28). At this point, too much
_ éne;éy is reduire# to completely fill th? new band, ‘hence
additional hydrogén is accomddated by lowering existing
. metal bénds. At the same time thellatticé'begins to shrink,
inqicating thé p%esence $f fgo types of hyqfogen, DOQﬂd
diff&fently (22). fn thié compositiﬁn rénge,ie MH= to MHa,'a
semiconducting qap de;elops, until the hydrided material
evehtually becomes an insulator. The: catélgtic ﬁroperties
. of-,the1 lanthanides: are nredominantly ‘depgndenf on the

‘mobility of Sd electrons.

Transztlon metal valence character is uontr lled by the
massive d band (273; the - amount of s character is miﬁimal;
while p gharauter is virtually neq11q1ble until paliadium.
: The d band is quxte broad in the early transxtxon metals and
is'—highly .inyolved ;n metallic ponding. The tetravalent
metals; ie Ti,. Zr and Hf, as well as Y and Sg, exhibit an.
'increase'in coﬁductivity on hydriding in the séme manngr as
the rare eérth hydrides. The group V metalé;arérsmaller and
* less eiectropbsiffve, only forming the | semi-hydrides
éasily. The 'Qroup.VI—VIIib ﬁetaié‘normally do‘ niot form

"hydrides, "although ‘Cr - can be - forced to hydride



electrolyficélly. Thevelectronegativities of these -metals

appfohch‘that of hydrogen and it :s here thét'the phenoménom

of actzvat:onless d1550c1at10n of hydrogen appears. This”is

oguite different from the h;ghly electroposxtlve metals where

a falrly 1arge activation enerqy has to be overgome. 7 broup'
VIIIg mgtals, suuh as N1 and espeglally Fd, form hydrldes.
For Fd, fllled d.- states are_-louered, while ~hydrogen

. electrons fill both empty d states and modi fied s/p states.

‘The amant of charge transfer is quite small.
The _actihides behave muchllike'the transitian meﬁals,

ieQel (273, .Iﬂgﬂmajor_di}ference, cbmpared o transition -

mefalsh is the polarized- nature of the f orbitals, ‘which
result in Bonding'configurations invquing highiy distorted

structures. "Bond ueakening may ‘mzour  because. of the

.unfavburable'geometry af the f orbitals.
2.13)'Intermeta11ic Hydrides

"In many instances hydrides of alloys or _intermetéllic
coﬁpounds (IMC’s), containing two or more metal components,

can be formed. These intermetallic hydrides Care

technalogicaily more attractive than binary hydride .systems

because of lower hydride‘stabilities. Also, as discussed in
the following sections, the kinetics are more favourable.

On hydfiding, one of three types of reactions 1is possible

_16_

e f electrons are located in broad bands near the Fermi

¥



. g )

4 . -

-~

[

(28,33): 1) A dompognd.uith a new structure is formed. 2)

The intermgtallic aBsorbs a 1ar§e. quaptity bf_,hydrogen .

without substantiai‘ déformation-'of'.the'-original crystal
L=

structure. 3) There is a complete decomposition of the

original IMC with the formation of a stablé binary -hydride,

"AH,., and an intermétallic enriched ~in.  metal B, which is

effectively inactive touards'hydrogen. ,

Normally there is.not significant diffusion of the A or

I

'B element at hydriding temperatures, thereby preventing

.

decomposition (34). In contrast to mqst metals, IMC’S do not

undergo major rearrangement on hydriding.
‘ : F

‘Unlike pure metals, where interatomic distances of the
nearest neighbour ‘type are identical, - intermetallic
compounds have distances both larger and sharter than the

sum of the rgspective metal radii. Absorption of hydrogen

occurs -preferentially in those interstices whose periphery

include fhe longer, most easily deformed bonds.

Many of the intermetallic compounnd  structures are .

‘closely related and can be derived from the ABs— (or CaCus—)

type structure (figure 2.3) (35). Laves phases (MgZin= and
MaCu=) can be obtained by altering the ABs structure. The
top layer, ih both ABxz and ABs compounds, is the same. The

second layer from the top has half the B'afnms replaced by A

‘atoms, uﬁereupon the A atoms are then shifted above or below

- l? -



_the‘plaﬁe. " The third layer is identical te.the‘top layer,
except the atoms are shlfted parallel to the- plaﬁ;. The
contznulng stack:ng sequence determznes whether the ci4 or
C15 structure is obtalned. If the fourth layer.lslldentxcal

to the second, the hexagonal MgZns phase is formed.

However, if the fourth layer is shifted by the same amount

as the third, the cubic MgCux phase - is formed. ,Since one B
atom is converted to ah A atom in each formula unit, the

following results:

Other structures are obtained by combining these ABo
and ABn units. One ABs unit combined with two ABz units

yields (figure 2.33:

s

ABs + Z2(AB=) = 3Z(ABs).

»

in the ABs st ucfure, 1/3 of the A atoms have identiical
enviroments with A atoms in the ABs compounds and 2/3 with A

atoms in ABx compounds.

The same approach is applicable to 4~B» compounds, as

shown below:

ABw + AB= = A-—_,;B?-

.

The principles for constructing the most probable

5
modele for the structure of IMC hydride phases c<can be

- 18 -
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formulated as follows (28,31): - 1) The‘poéitions‘ in the

parent lattice most likely to be f?lled are tetrahedral

interstices with radii > Q.O4 nm. 2) A-H ‘intefafbmic
distances 'fn' IMC;S are comparable to those -in'_binary
_hydrides; the minimum.value being RA + €0.02-0.03) ni.  3)
H-H interatomic distances must be at leést- 0.21 nm. 4
Dccupied'hﬁles are usually those surrounded to a maximum
extent Ey the metal that is most active towards hydrogen (ie
capable of forming a stable binary hydride). 3D Thé lafger
the metal-metal distances between atoms of hypothetic;l

interstices, the more easily deformed is the hole —and the

more easily is-hydroéen inserted in the hole.

In general, the number of different types 'éf
intersticeg in intermetallics greatly -exceeds those in pure
metal structures. For example, in the_Manz structure th;re
are seven types of holes; ie four kinds of AZBZ, 2 kinds .of
ABZ and one kind of B4 holes (87). Interstices can be
digtinguished by the -metal atoms _surrounding them. There

are: 17 holesl formed only by A atoms, 2) holes formed only

by B atoms and 3> holes of both A and B atoms.

Y
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2.i4)_jhermodynamics

: L . : »
Hydrogen reacts reversibly with metals by means of the

following reaction:

© M.+ y/2 Hz—sMHy.

The forward reaction is-génefally.quite exothermic, the

[

heat - of  formation approaching the heat of - combustion of ©

hydrogen in, some binary hydrides. The  direction of the
: )

above'equat;on depends on the system‘hydrogen préssure.

Metal-hydride system beHaQiour can be best represented
by a pressure, ;omposition, temperaturé (ﬁbT) diagram. -It
is a plot of préssure vS. composition  at various
‘temperatures, as shown in figure 2.4. (21,40). The initial
steép slope corresponds to hydrogen going into solid
solution. This single phase region is usually demnoted as
the a;phase. The poasition  where the curve changes slope
denotes appearance of the metal hydride or é—phase. With the
formation of the B—phase, hydragen pressure remains constant
as Hydroéen composition is increased. The concenfration of
hydrogen in the two phaseé does not change, only the
relative amounts of each phase. The plateauw continues as

long as there are two distinct phases, as regquired by the

phase rule (31,4232

-

~



‘n_

P is the number of phases, C is the number of components and

F is the degrees of freedom. - ' .

The efﬁ§ct of -temperét&re is also demonstrated in
figure 2.4. In general, as temperature is increased, the
miscibility gap narrows. At someAcritical temperature' the
miscibility gﬁp disappears and -the e—-phase converts
continuou%ly into the B-phase. In some cases more hydride
pﬁases may be formed, resulting in multiple pressure

plateaus. ‘ ' -

The thermodynamics for the formation of a metal hydride
in the ideal case can be derived Exom the van't Hoff iscbar

(21):
P
d 1InkK/dT = AH/RT=.

R is the gas constant, T is the absolute temperature and AH

_is the heat of reaction.

The equilibrium constant, K, is‘given by:

K = a(MH,) / am f{H=2)>¥"=.

Here, the activities (&) can be approximated as unity, since
the metal and hydride phases are essentially pure. The
fugacity (f), éecause of the relatively low pressures, is
equivaleét tao pressure. Assuming AH to be constant (over a

relatively small temperature range), the van’t Hoff equation

- 21 -



can be written as:
d 1n P(Hx)—»/2 = AH/(RT=) dT,
- B -

or - -

ln P(H2) = 2/y-AH/(RT) + C.

If the . hydrfde‘ is stojichiometric and hydrogen

snluﬁilify in the e—-phase is small; the heat of formation
tan be determined from the slope of a plot of 1nPdH=) vs.
1/T. Thermodynaﬁic parameters may also be determined

directly from calorimetry experiments.

-

T free ehergy change is determined from the standard:

relation:

-

AG = AG® + RT 1lnK

-

where A2 is the standard free eneragy change. At

equilibrium, AG= O, yielding _ - -
| AG® = —-RT 1InK
or
AG® = y/2 RT ln P(Ha).

Knowing the standard enthalpy and free energy change, the

standard entropy of formation is given by:

AS® = [AH® - AG® 1/ T. =

- 22 -



In systems that are appreciably non-stoichigmetric, the

'standard enthalpy of formation is the. sum of three

- ’

';omponents;‘the integralhhéat'ofnsolution_of hyd%ogen in the-

e—phase from zero hydrogen content to saturafidn; “the
'integral heat of .reaction in going  from the
hydrogen—séturated e-phase to the non-stoichiometric B—-phase
ana fhe integral heat of éolution of hydrogén in the
hydrogeh—deficienf B—ﬁhase to the stoichiometric value (203.

Standard free energies and entropieés of formation are

determined,. in-the same manner.

In cases where there are large deviations fr'om

stoi;:;émetry, @he thermodynamic quantities are usually'_
exﬁreésed as relative partial mslal quantities’ (X — 172
XPHZ), where ?g-gg the partial molal enthélpy (or entropy or
free energy) of-hydrogen atoms in the solid and XOHZ refers
to hydrogen in its standard state @s,a pure, diatomic, ideal
gas (30). To obtain intégral quantities, the partial values
are integrated over the entire Tcomposition from the pure
metal to the stqichiometric hydride. Very dftep, though,
non—-stoichiometric metal-hydrogen systems follow han’t‘def_
behaviour and- obey the forlowing--equation' over. large”

temperature ranges (30J.

ln P(Hz) = —-A/T + B.

The absorption of " hydrogen gas into a metal host

-23 -



P - -

répresents the loss ofléﬁtropic.freédom'(29);-7hi§ .iéssquf
éntropy aprSxipaéesffé fhe7§ntr;py 'éf ‘one'moié pf ﬁz ggs,
ie. S= 130.JK41/moth=.'qu.a réqctiﬁn;to "Proﬁeéd-jtSwards
absorption of Eyaroégﬁ; fthiS‘ ép€roﬁic 'tefm _hés-,fo be
overwhelmed by an éiﬁthermi; ‘heat 10%:,formétioﬁ.l FFDri

equilibrium‘between‘thgVsolid sbiutibn;phase and the.hydride

phase at 300K

AG = RT 1n B(Hx) = aH - Tas .
For a material with F= 1 atm, then

. AH = Tas..

Consequently at T= SOOK,lAS= 130 -JK=1 /mol Hze and AH= -—-38
~kJ/mol Haz.

Entropy loss on H&driding may differ from the entropy

—-—

value of hydrogen as a gas by up to 26 JK=*/mol  Ha This

leads to an  increase in  the blateéu pressure of'up_to an
order of magnitud;. Values of AS decrease as Ti éubst;tutes
for Zr in the pseudobinary ccmpound‘ Zr;-,Ti,Hn:I.C432. -it
appears that hydrbgén ‘has 'avaiiabie a larger mnumber pf‘
possible site osccupations in - the _pseudoﬁina?y than.in the

Einafy alloy.

.The entropy of a solid soclution . congists of a
configurational term, which is temperaturé independent, and

a term arising from vibrational and electronic state changes

,_?422 ; - 254 -  ‘ . - - .



29,4400 For ‘hydride . solid. solutions thé&™ ‘configurational
term is usually more-:mportant and can bé'.éhproximatea' byl
'c29,45,4s>:_'-

. .

T Se = k In 0T (XeNXE/C{aXaND !

>—\\' =X NI -
: s \ . . ' " . ...
v :

Theré are X;'int%rstitfal'éites of type i (1<i<jd, #s is the
fractional otcupation of hydrogen in the é%t& and N is

Avogradro’s number. -

_ Miedema and co—workers (47,48) have aevelopéd a model
‘Fegarding_tﬁé fprmation Sf térnary h?d?iﬁes, known ag,the
trule of're;e;éed stability’. ;Tﬁé assumptions entering in
and‘the_ implité#ionéA zoming out'ﬁf this‘modelrafe: i) Tﬁe.'
éﬂergy'.efféﬁté_ in.'alloys of{tyo traésition' metals;_ add‘
alloys of t?ansifion-metals with noble or.éik;1i metals, é;e‘
méiﬁly_he;;est.néighbour effects. 2) The -stability‘.of‘.a
‘thridé ;aﬁ be exﬁf&sséd'gssentially as a 'fﬁnction ‘bf the
‘heét of formation. 35 Intermetalllgs, that caﬁ ébsbrb large
quantltles of hydrnqen Mear rosm temperature, have at 1east
one metalllg el;ment which forms stable b1nary hydrldes."4)
The heat of formatlon of a ternary hydrlde ABann, from the‘

. binary intérmetallic. AB. and = gaseous hydrogen izan be’

resolved ‘into:

'“ﬁHEABmHgm) = AH(AHm,) + AH(B,HwW) -

“AHCABW)Y .

as



A schgﬁétic ;éhquénxation fpr_tﬁQ‘foqﬁation'of.tgrnar§
hydrides is shown in Ajlf'igll.u'e. 2.5 <47). Metal A is’ the
minﬁriﬁy @etal' in compound :_ABH and attracts 'h&drogen
(hydrides of A are more stgbie thanAtHose of B). (49). The
‘ hydrogeq a%bmé priﬁarily surround the A metal atoms. There
are_conta&té bétweeh A atoms and hydrogen. and .betweén_ B

.-

“atoms and hydrogen,. while atomic contact between A and B, '

fesppﬁsiblel fbr' the heat of’ fnrmatibn of the originqr
tompound,‘isnloét. The #onta;t sqfface is approximately the
. 'samé_fof A—H‘and B-H, ‘implying that the ternafy'hfdride is
'gnérgeticaily eﬁﬁi@aleqf to a méchan;cal mixture of AHm and’
énH;.‘Tbé'ﬁégative term in.tﬁé abﬁve equaﬁion is due to
metai“contaef loss,.énd has the‘greatest effecf $n hydride
'stabilit;..’éssentrally} the mofe stable .the Driginal'binary
_ ihferﬁetéllié thg_leés stable the resultant‘tefnary hyaride

;formea— hence, the name 'rule of reVérsed of.stability’.
N . : R . ] .

A variation"to the above rule has been-put forth . by
Oestéfreichér (29). On hydriding tﬁe intermetéllic matrix
has t;‘offer elecﬁrons for borid formation Qith hydrogen.
'-Thié-.véfy oftén occurs iﬁ " an ‘ édditi#e manmner from
contribdti&ns of the eleménts. Hydriding céa then be

represented by:
AnBiow + 2/2 Hz — % AHee (1=X)BHz—x-.

In some instances, eg. FeTi, the transition metal (Fe
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'with(lhydrogén will genefally result in an opening oOr

in.this'exémple) effectively does not contribute to hydrogen

uptake. The offer of matrix electrons for bond formation

weakening'of'the;bonds within the matrix. _Cleévage'_i

-

necessarily complete, however, due to.  resonance effects,

especially in cases where the energies of bbndé 'withiﬁ the

matrix and ones of the matrix elements with hydrogen are

cambarable. The heat of. formation can be ekpressed as:

AH = CxAH(AHZ.) * (1=x)AH(BHa—u-)1 +4H. = CAHCA.B1—w)

© . = AHue + 4He - 4He.

The first ‘term, AHwa, corresponds to a weighted affinmity for

C s

the elements given. . The second term, 4H., is due to

" resonant bonding in the ternary hydride. Thé final term, ie
‘the‘cleévaée factbr, represents  ‘the fracﬁion of the alloy

-heat'bf'fo?métion lost Dn'hydriding. This d&fferé from  the

trule of reversed stability’, where complete loss of contact

befween A and B. atoms was assumed. The resonant and
cleavage ‘terms are not easy to determine, however,  they

‘appear £ roughly' cance1' one »anbthérf This leaves a

relatively éimple expression for the heét‘of formation, ie

the "rule of weighted affinity’:

i

AH = AHea = xAHAHZ.) + (1=-x)AH(BHxx-).

2,155 Hysteresis

)
~
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Iﬁ'many ﬁetainydfd§én  éystemé;  hys£efysL§'Ahaé 'b%eg'.
.ob;e}vedﬂ Thié'bhéﬁé@;ncm.bctursiwhen theré és é diffé?eﬁce:
‘between ther'_absorﬁfi;n' énd desorption .‘Qequilib?iQm?
_pressufe§ in'the-PCT'curvéé.(fiéure‘Q.S){ Hysterysié'éffe;ﬁs;
ére'nbt;ueli undérétood}. howeQef?'létfice eXpanéioﬁ (uﬁ_to
25%) on hya?iding,.and hydridé_ nﬁﬁ;stoibhiometry- may be
contributing factors: cso,31{Sé,sso. ‘Sinha. et Tal sz
L ppséulate thét ﬁystefySis-in Z{CFéMnhg alloys and po;sibly
'othérs"ié due to strain; gnérgy effects. . Upon abSofhﬁion{
hydroggk atomg.ot;gpy smallérl:intersticés.' A strain.ehefgy‘
bérrier has -~ to -be overcome resulting in an elevated-
aﬁsofpfiﬁn‘ﬁressure (P-). DésOfptiﬁn of;hyd?ogen‘rglagés.ﬁhe
lattice énd does not present a strain energy barrier-— hence
é Alouer"desorption ﬁres%ure CPa); The - decrease fn. P-/F;
ratio with iﬁcreasing temperatufe may - be explained :by én.
accompanying lattice parameter increase and decrease -in
shear modulus, bﬁth af which‘regﬁit in decreased strain

energy.

Most observers believe that the desorpfibn curve .is.
"closer to the true'equilibriu# condition than the absorption
curve (50,51,52,54). Park and Flanagan CSSJ, | éouever,
suggest that.neither curve is representative, instea@fthé
equilibrium isothérm may be 1oca£ed near ‘the midp&int
between the absorption and'desdrption curvés. .Exbgrimentai

results for the LaNiz-H system demdnstrate'that PCT curves



ffdr large al;quot"branches 'shbu less Hyéteresié than those

'fot.small;aliquot branches (f1gure _.7). Both branches for’

small and large allquat 1sotherms Shlft almast symmetr1ually

. abbut the midpoint C(R.+P¢)/2); : | | -

The magnitude of hysteresis varies with temperature for

the most part. : Lunain' and © Lynch® (S1) ‘repart that

;lf_PTlnCP /Pa) approxxmately equal to a consfaﬁt‘_describes

.ghe' sxtuat;on..‘”He sugqests ‘that the abpve quantity is

almost equal to Bibbs free’” ehérgy>*loss'during'hysterésis;‘

When "~ LaNig absorbs hydroqén,‘ its cryétél laftice ‘must
expand. hlbbs free enerqy of hydroqen gas is equal to 1/2RT
lﬁP‘;'th;h iz related to the - free enerqy of the: expanded

VLaNiaHy crysfalr that 595' absarbéd .Ehe hydrogen. When

LalNi=H,. désérbs hydroqen,-it fis.,éssumed that hydroéen gas-

over the expanded crystal is in equlllbrlum wlth Cthe still
expanded LaNx; grystal. After hydrogen desorptlon, this
- )

expanded ;rystal c ntrauts gradually to its original state.

If thls assumptlon is correczt, then the ulbbs free energy of

hydroqen gas is equal to 1/“RT InPg and  is ‘related to.tﬁe;

free energy of thr LaNI= u?ystal whth is ‘still expanding.'

. Therefore the ulbbs free energy 1055 in the hystere51s loop

™

is the difference between 1/ZRT 1nP. and 1/2RT lna.

2.16) Kinetics

Most metallic hydrides <an be G?RSared By direct -

L

",
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combina#ionﬂof hyd;ogeh.hiéh the metal. Hydrbgen.rééctiohé'.
'_tend t&rgo-t§ completion'mﬁch moré.r;adiiy"thaﬁ_uith.ééliﬁe
3r covaienf Hydridés,jﬁecause fhére is a.vo;um&'incteaée ‘on
_hydrid§ng-in the:métallic case (30). Reéctiqn initiation Qay
~bhe difficﬁlt in é@me inétan;es'due to the ﬁresenCé wf a
,jbfctectivg‘oxid; 13Y§r'6nlthe metal surfacg (57D, This-{ay;r
f ﬁéy,be rémo;ed by heafing tHe. métal'.uéder vacuum  to fhe_
_apﬁropffaf% témpéfature..“Qegting ailqusloxygeh 3Eo di ffuse
'iﬁfoﬂthé bﬁlk, freeing qpr the surface for reaction with
:hjafqgen (58>l |

From'structu}al_ségdieS‘éﬁd PCT' EurQ&s (the shahe'of
‘yhe soiia5solgtionhphaéé reginﬁj,'i% is knoun'that -Hyd?ogén‘
is dissof?eﬁ és.an{atom{c.of nbn;mﬁlecular spécies _iﬁ the 
lattice (29,59,60). Hydrogen dissolution in the  solid
éplution“phase'é%ydrogen solubility is quite shali), obeys
SieQeftfsl;aQ.\ | |

Fotential. gﬁergy-curves, iliuétrétiﬂg the interéct;on
of‘gaseoﬁsvhydrogen with a clean, smooth metal surface, are
shdun.in  figure. 2.8 (SQJ. Away from £He .sufface, tHe
potgnti%l ENergy curves " for molecular hydrogen and atomic
hydrogen are sépafated‘by the heat of dissociation, Eo= '530
kI/mol  Hz (23). The heat of dissociation of molecular

hydrogen at tﬁg.surfate'can result in a vefy high energy

-

barrier, particularly for binary hydride reactions. - The

. flat minimum in the Hx + M curve corresponds to physisorbed



Hz'u1th a heat of physxsorptlon, Ep (< 30 ,kJ/mol -Hz). The

‘deep mlnlmum in the _H + M curve orresponds to chem1sorbed
H wlth a heat of LhéMlSOYDtIOﬂ of Ee (£ 100 kJ/mol Hz)._ If
the two rcurves 1ntersect at a poxnt abﬂve the zero level,

rthén ghemxsorpt1on %equires ‘an act1vat1on _energy, EA.
’:Intgfsect;on below the zero level allows for nnﬁfactiVated

‘chemisorption.

A hdeGQen molecule on the metal surface' can be
phySLSorbed or dissociatively 'hemlsorbed, dependlng o 1ts
. - .
kineti:_eherqy and the helght of  the a:tlvatlon barrler.

Next, - the uhemlsorbed hydroqen atoms penetrate the surfaﬁe

and dissolve in: the bulk. An addltlﬁnal activation enerqy

may be requ1r¢d for penetratlﬁn. Exothermic SDlutlui of

cHemismrbed"H requires an eﬂerqy.E E,, houe&er, because
much mao or & hydroqen can obtaln the heat of solutlﬁn, Em, then
/hre chemisarbed at the sur face, the solution of H lowers the
total‘eﬁergy‘of the hydrogen Qas and metal system.  Bulk
"diffusion‘requires an ac%ivatian energy, Eaire. If hydrogen
is dissolQed endothermically, .energy equal " to E¢+E; -is
needed. AS lohg as the energy is not suppliéd, hydroagen

atoms remain chenisorbed. at the surface.

Hydrogen desorption takes place essentially‘in v everse

4

to the above. Atoms diffuse through the metal or  hydride

phase to the surface to reach the chemisorbed condition.

——

Recombination 6f H atoms to hydrogen gas =~ follows,



culminating in vemoval from the surface  (associative

- ) ~
<

desorption). The @ctivation'energy' for desorpt{zn is E.+Ea
or Ec—Ena ©OnN an activated or non-activated surface

respectively.  For hydrogen to desorb, H atoms must overcome

the heat of solution or heat of chemisorption.

. In both dissociative chemisorption and associative
. desorption, activation barriers, E, limit the rate constant,

Ky ‘according to .

- K = A exp(-E/RT)..

The rate—determining - step, whether  dissociative
chemisorptian,'.bulk di ffusion in the solid solution or
hydride phase, etc., is dependent on the magnifude of Ea,

.Ec’ Ed:. ff‘, et':-

The .+ above analysis involves hydrogen
absorption/desorption on clean metal sur faces. The heat of

chemisorption, the shape of the potential energy curves and

ulfimately the reaction rates depend on  the sur face

conditions, crystal structure and orientation, roughness and

: o . -
cleanliness. - .

. In many ternary (or quaternary) hydride systems, the
~activation energy for the dissociation of molecular hydrogen
is negligible. Hydrogen absorbing intSvmetallis compounds

normally consist of an element with a strong affinity for

|
[0
b



15

AN
»
I'd

hydragen (AY and one which absorbs little or ne hydrogen at
all ¢42). It has begn suggegted by many authors that surface
segregation plays a prominent role in the activation process
(29,59,63). The element with the. lowgst surféce energy
(usually the A olement) diffuses to the surface. and -bonds
with any oxygen present in the hydrogen Qas, forming an
oxide and/or hydroxide. The presence af oxygen, in fact;
enchances éhis segregation process. The B atoms are then
presénf Jjust below thg surface as B or B-rich clusters. The
B element is ‘ffquently a miﬁd1g4tc-late transition metal
and it is well known that hydrogen dissociates on these
metalé,uith little or nho energy of activation (27,99). Since
sur face seéregation aﬁd decomposition continge with each
cyciek there is continuous formation of B precipitates and
subsur face. Adsorbed molecular hydrogen <an reach these
clusters through gaps in the oxide (hygroxide) layer and

dissociate on the metallic subsurface.

. There 1is some question as to the viability of the above
mechanism. Surface segregaﬁion as an activation process
will be discussed in méfe detail in the following sections.
Foar many intermetalliics (AB, AB=, ABz2), the initial
hydriding c&cle -an be autocatalytic. Because of the large
quantities of hydrogen absorbed and the accompanying large
density changes, tracking and disintegration resu}ts,

generating continuous, fresh metallic surface (&8%4). In . the

.
1
)
©
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first ten or so cycles, kinetic rates may increase with each

cycle,. due to reduction din paéticle size . Hnuevér, fine
fragmentation may lead to packing of the particle bed and

subsequent mass flow problems (57).

Hydriding/dehy@rid;ng kineticé are wvery difficult tﬁ
. characterize in metal- ﬁalloy;)‘ hydrogen systeﬁs. The
plateau behaviour exhibited ‘by.most hydride systems 1is
similar to many ofr thg‘ phase transformations: of the
ﬁucleation and g}owth type_(Sf,SS,SE,G?D, ie nucleation of
fhe hydride from the solid sclution phase 1is the -dominant

kimetic process:

) .
Fiey = 1 — exp (—f N¢mIgr (6=1dm),

where F{t) is the the fractgon t;ansformed, N is  the
nucleation rate, n is the dimensionaiity of the growing
phase and g is,ﬁfhe normalized thickness of thg growing
phase. To reduce the above equation to a useablg f%rm, one
of two assumptions can be made: 1) Assume the humbér of
nuzlei to be comstant and 2D $SSume the nucleation rate to
be‘ constant. The above equation then reduces to the

Johnson—Mehl—AQrami (JMaD equafion:
FEE) = 1 = eup (=NCtIN).

For the hydride transformation, the fraction completed

is given by:



——

FOEY = (WCE)=We) 7 (g =Wa),

where‘N(t) is the weight of absorbed hydrogén at time £, Wk
is the weight of absorbed hydrogen at thetx—phase’limit and

N‘ is the weight of absorbed hydrogen in the ;?—phase

hydride.. Problems are usually emcountered in relating the:

theoretical to the actual situation.

-

One prablem in relating experimental data to
theoretical models lies in the non—-ideality of experimental
PCT turyes (63)._Most PCT diagrams do - not exhibit flat,
horizontal pressure plateaus. The slope in  the plateau
indicates that different portions of the hydri&é material

are hydriding at differeht pressures and possibly that the «

- -and ﬂ—phase compositions are changing through  the
two-phase region. Impurities, inhomogenelities, particle-
.size and stress may all Dbe factors contributing to  this

phendonenom,

additional problems are rvelated to hydriding test
conditions, je are extrinsic in nature. Sample geometry

(S57), heat transfer (62,68,695 and mass transfer (&3

effects are common limiting experimental factors. . Well

defined specimen geometries are difficult to employ because
.of fracturing during hydriding and dehydriding. Heat
‘transfer problems arise from -heating of the metal hydride

powders due o the mature of the exothermic hydriding

o]
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reaction. Since thé_thermal conductivity of the powders and
, " :

reactor chambers -(usually stainless steel) i's not good, heat

‘transfer may be rate limiting in many <cases. Powder

packing, which occurs: with successive hydriding/dehydriding
cycles, tends to reduce gas flow rates thereby - hindering

reaction kinetics.

Dﬁe method of alleviating heat transfer .problems is by

0

thermal ballasting (61,62,69). This procesé-involcgé mixing
the metal‘powder with a material that does not hydride, but
demonstrates good heat transfer properties. Common ballast

materials are mnickel and aluminum. Up to 98B%L of the baliast

‘material is required in order to- attain essentially

igsothermal reaction conditions. However, the ballast may be
f

a* source of contamination, . reduce gas flow or redugs

measur ement sensitivity. ‘Both intrinsic and extrinsic rate

controlling processes are listed in table Z.1 (37).

Hydriding/dehydriding  kinetics  of the various
alloy—-hydrogen systems will be discussed in some detail in

subsequent sections.



For a métal hydride system to be considered for solid

state energy s¥orage, a number of requirements must be met,

The hydride s ould:_;;lJf q€ capable of storing large

quantities of. ydrdgen, ie amounts comparable or. g%eéter

than other stotage methods; '2) be readily formed and

ecomposed, providing optimum storage efficiency; 3 be, at

least, as safe as ofher energy carriers; 4) possess reaction

kinetics_satisfying e charge/discharge regquirements of the
system; 5>, have- the capability of being cycled without

or temperature during the life of the

alteration in pressure

&) exhibit _m}nimal hysgerysis; 7 demonstirate

resis e to poisoning from potential contaminants in the
hydrogen gas, such as O=, Hz=0, C0, "=tc.; B) be relatively

g inexpensive. .

“Most pure metal-hydrogen systems, which form. binary

hydrides, are not suitable 'as hydrogen storage materials.

One notable exception is magnesium. Al though storage
capacities are quite high for these materials (H/M>=2), the

- . hyrides formed are usually very stable and reaction kinetics
are quite slow. Consequently, the majority of ¢ potential

storage materials are intermetallic compounds which form

ternary ar guaternary hydrides.



The many alloy-hydrogen systems discussed. in  the -
literature in recent years can be divided into five major

classes, namely ABs, AB, ABz, Mg-based and miscellaneous—

- étoragé compogﬁds. .in the feméining sect;bns ofl_fhié
lﬁterat;reA-review;. each group of stofagg mé%érials is

- examined in some- detail Qith,emphasis piqced-'on h}dride

pﬁysicél- chémistry and the ability-to meét.-the' stor;ge

criteria. The hydriding materialé comprising the AB=z group h

of alloys are examined much more closely because of

relevance to this thesis.

-

2.22) ABg Compounds

The ABs compounds, 1n general, form hydrides with

equilibrium pressures of a few atmospheres at temperatures

~~

up to 100°C., The primary alloy of intereét is LaNig (al'so
LaNig-related terﬁary gnd qﬁafernary alloys). ‘Attractive
_pfoperties include relatively hiéh hfdrogéh capacities, 1low
hysterysis, good éolerance to gaseou% impurities and good

reaction kKinetics. However, t presence of La and Ni makes

h-
-~
qe

for an expensive initial stora material cost. The ABsy

family has an hexagonal or orthorhombic strucfure with the

CaCug—type lattice, as shown_fn figure Z.9 (38).

There are 12 tetrahedral sites per formula unit in  the

ABs structure. However, the maximum hydrpgen occupancy is

3, due primarily to  steric limitations limiting

"
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H—H'interndélear'distanée in hydrides-isfabout.0[21 nm, but

_therc—éxis-in ABx compouhds is only about 0.40 nm, from z=0

‘to z=1. Consequently, tetrahedral sites at'pqsitioﬁs z=1/4

<

Y

nd 2;3/4'could not;be’:occupie& siMultaneously‘ Qiﬁhoqf a
‘gross’ stru;tﬁre_;chénéé; Tﬁérefore,”oniy a méximu@J“of”'é
tetraHedralﬂsités ﬁér_ABg unit are filled; ‘Some_‘pf 'thg
'oﬁ%ahedrél sités'cén‘dégenerate in&o new sites, as shown in’

figure 2.9. There are 1

4

of these'siteé per formula unit;
again, however, betause of steric _interferenceé only 3. of
these can be. filled. This leaves  a maximum occupancy of 9

sites (6 tetrahedral plus & octahedral) per ABs unit.

The intermetallic compound, LaNis, reacts with hydrogen

in Eﬁe~following manner:
LaNig + 3Hz - LaNisHs.

The PBCT curves for this system are illustrated in
figure 2.10 (70). From the isotherms a heat of formation of

about -30.0 kJ/mol H= can ‘be «calculated wifth a plateau

b

pressure of 2. atm at room temperature. The maximum
hydrogen capacity that-has been reached is ;aNing.as at a
hydrogen pressure of 1650 atm (36). This q;anti£y is' below
the theoretical maximum of 9 H—-atoms per formula gnit. The
crystal structure remains intact on hydriding, altho;gh

considerable lattice expansion (Z34) occurs.

The rapid hydriding/dehydriding kinetics observed in

-39 -



LaNia—rzu-reactions' 'is believed  to- Ee_ﬁdue-_té_'surfacé,
-segregatlon effects (59,63 7138 Lanthanum diffuses 'tb"ﬁhe -
;surface and bonds wzth oxygen, préseht in tHe 'hydrogén. gas.

" as_an 1mpur1ty, to form La~0; and/or La(OH);. Nickel in the

sur face 1ayer is no longer part of the non—magnetzc compOund o

Lang; :bﬁt is_ present. in ‘thél‘form,‘af' N;_‘o? Nx*r:;h'
'preczplf;teéipr clus#é{s.-“Tﬁeé%:é}qsters_brévidé Vnéﬁgésary ;
actiQé éités'-fo?, diésoc%ati@e chehisﬁrptioé  of Eyﬁragén T-
prior to its enfry:inéb-;héfmgtal ';éttiCe; N The .dk}datibh
products do nbt,‘for thé'ﬁost.pa;f;-greg¥ly ‘Eibck 'hyqrogeﬁf-
transport to sites in the él;oy 71y h

This segregatioh _proces§ in CaNis is ver& importgnt_in
terms of kinetics. 'Hydrogen absorption iﬁ LaNiaris nearly
an order of maénitude faster than FeTi (72) and, in general,
ABs compounds have superior kinetics to AB materials. Téble-
2.2 (69) shows kinetic data for 'La&ig—Hz systems, from. a
number of authors. Note thé wide scatter in reported<s . data.
The reliability of kinetic data, quoted in the literature,
must be viewed gith‘scme skepticism.because of difficulties
in per forming experiments under isothermal -condgtions. In
fact, the rate—controlling mechanisms are quite dependent on
experimental conditions (61). Methods of. overcoﬁiﬁg heat
transfer limitations are discussed iﬁ gection 1.3- the most
cbmmon being thermal ballasting (61,£2,69) and constructing

hydriding reactors of high heat transfer materials (68).
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. There is some controversy as to. which 'step is

"
.

‘rate—controlllng in: Lang—H reactxons. ‘Sﬁme authors réport
,dlffu51on of monatom1c hydroqen 'és. "being ;?ate—cbﬁtfollfﬁg
CSl 6“) whlle others belleve the rate—determxn;ng step to be
interface.controlled_tsal.i oodell et al C69), on the other

. haga, ‘de_ not .aistihguish ‘betueen'the two prbcesée%' and
iﬁéfead ;omblne both the 1nterface and dszuszon pfoteéses'
intox a Joint rate—l;mltang‘ mechanxsm. T It shouid ‘bﬁ.f— :
—zterated that rate—uontrollxng me;hanlsms may be altéféd.

by tést conditlons;: ie . mass transfer effects, syskem
p%essures,' and*-temperatﬁres:-as._wéll as .heat' transfer
‘iimitétiSns. Goudy ;t al (62), in ‘'studying & number oOf
‘Lang_qu pseudobxnarzes,*have found hydrogen diffusion‘ to-
be _ratg—éontroll:nu in all uases except LaNia. 7Alo_a. in
this instance, a dxfferent test temperature is suggested as
nbelnq responszble for the difference (70—90°C Lompared to

-°5—45°L for all other alloys tested).

'Deactivation' or . poisoning is also affected by surface
segregation. Poisoning problems Zan originate from system
leaks. and ihpure hydrogen gas. Oxygen and water wvapour

contaminants in the hydrogen gas generally prodﬁce the same
ﬁ

- effeuts '¢76). Short term uyclznq of LaNig 1n 1mpure hydrOQen

results in a decllne—reuovery process (71,76). Durlng tﬁe

'first'feu.cycles there is a loss irr SDrpFion capacity. In

-y R
the next 20-30 cycles, gradual rezovery occurs until near
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maximum‘capacity“is “restored.. Decline—-recovery  1is m
pronpunced at low hydrpggn 3qverhressures than"at.éighe:\\\\_~
ovetﬁ;essﬁrgsﬁé71). This indicates. éj Eapacity .rébardation
‘(QFfSIQQér_kinetics) raﬁhef‘ Yhan éctual capacity reductiﬁn.

" QOxygen and other impu}ities may'degéeasé activity of gurfage‘
sites, . fhrough 7 partial 'ogidatidn. At some staée
dé;qmpaéitign of L;Niu béginé, caﬁsiﬁg _thermndynamicaliy

MOT & sfab;eznickél'clusters_and-lantﬁanum o%idatiﬁn ﬁroqptts

- to nucleate and}or_ be;om% pm6re befmeable. With further
cycling.c> SOIéycléé);‘capaqity is 'aggin }eduﬁed- without
_eventual recovery- ie‘oxidatian decay. Nickel clusfers-and_

tanthanum qxidatién‘ products increase at the expense of the

alloy. Water vapour may also be formed.. The following
reaction has been proposed by - Goodell " £71) to _éxplain
oxidation aecay: TN

4 LaNim .+ (3+y)/2 Oz +y Hz — 2La=0Os + y Hz0 + 20 Ni

and
[MI/C01 = 4/C1+y/6).
The most daméging case is M/O0= <4; *no HzO is formed and
all Oz goes to forming Laz0x. The qfher extreme'is'y="6 or

M/0= 2Z; all water formed can bé cﬁemically_ combined as
La=(OHY 5 or.hydrated oxide, La:OQ.H:d. Al;minum %ubstitﬁtion
may bé‘ben&ficial7 in ‘redﬁciﬁg éy;lic dgcay. Bpth‘ré¢OVery
and decéy ;gtes.are;decréased, although fhe_ mechénism ‘ig
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unknown. It - has been suggested that Al ‘“may imprévé

resistance to decomposition of LaNig (71d. . -~ . -
. . ’4.;‘ R L . .

Id

Carbon  monoxide, as an’ impurity, is  far. more

detrimental than eithér oxygen or water vapour. It forms ‘a
'Single chemisorbed monolayer on the sur face, which renders

“inéctive the Ni _aﬁbm sites at which cafalytic_&iSéOCiatiohf

of ‘hyaroéénioccurs C76;77); Chemisarption on surface - sites o

Qccurs-hetgrogenéously; s#afting aq- the-d;s 5tréam gﬁtrapte-
of._ﬁhe allby -ﬁarticlg' Eéd; o m61ecuies_ ;re' éet#ered,
abproximéteiy-oné‘pér siter iﬁ.a:highly loeaiized'manner‘ s0
as ‘to ‘afféct' é minimum number  Tb;" particles {777,
EffactiQely;luHolé_paréicig volumes are Yendéred dormént,
"andlthe_volume ﬁf.inactigei particles incfeaégs with each
cy:lé-as.'neu CO is introduced. ‘Reactiyation of'CD—poigdﬁed"
samplés is partially.reali:éd‘ﬁy heating to.80°C éﬁd cycling
with sﬁpﬂr-Bigh p&rity -hydrogen (76,77,78). Atf elévated
tempetatures, tolerance to CO .%s “improved (77). 20 reécts
with Hz gas to form CHe which has essentially no effect on
hydriding properties. ’ There is & slight decrease iﬁ
absorpti&ﬁ‘rate, hogever, probably due to a decrease in Ha=

partial pressure (78).

Other impurity effects were inveséigated byABlock et al
(78). Nitrogen waé not detrimental to either kineticsl-or
Q;rptioh capacities. H=S, on.the other hand, passivated
LaNig completely. Near full reactivation was possible by

. e .
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. heating in vacuum at_4é5°b.
'Rep§ateﬁ éyciiqg' of ABglalloys may result in fgdgdtion-
in feﬁhargéablgl'hyarogen ;apac;ty (79 BO). Two . types o{:
pe?fbfmance degradatxon are possible; One form hés -beén"
discussed ' in the prev;ous paragraphs, ie zmpurzty' effetts.
This is extrinsic  in nature, dependent‘ on ffeactioﬁ
;5nsitions and not airéctly on the alloy or, alloy-hydroqen
reé&tipn itself. The”ﬁtﬁer type of performan;e ‘degredation
' ;s'alloy'dispfoﬁoéfionatiﬁn, whlch is an 1ntr1;;1;~ProLess.
.Dispropo"ionation is due to the metastable character . of

'-‘many'pseddobinary hydride phases. It can result in. the loss

of useful hydfogen storage capacity.

Cyﬁlic:degredation‘studie% -haye. begn. undertaken for
soﬁgn;ABg—type:- materials. '<79,80). Soodell - (BO0) has
'iﬁvestigated_LaNi,,' LaNl‘ »Alo.s  and CaNis and f;pcrted
‘findings for up. to 1500 hydrldlnq/dehydrldlnq cy=les,
_Hydroéen transfer in CaNie d clines rapldly on cycling, ie
Cfrom H/M= 0.71 fﬁ'H/M= 0.2 in only 20 cycles. Lapaulty can
'be restored to near orLQ1nal lavels by anneallna in. vacuum
(> 4 hﬂurs at SOO°!). LaNia. 7Alo > shows almost no uhanqe in
transferability— "a small decrease -likely  due t§ 0=
pozsonlng; LéNia shows a g(édual decline in capacity with
Cgyecling, ie from H/M- O.BS to H/M= 0.64, oOver é period of
iSOO cyzles. This 1055 is about 962 réyeréible..—A piateaﬁ

" split at H/M= 0.5 has also been observed.



ﬁohén et al (79) observed a. 70% .lﬁss in transferable
hgdfogéﬁ‘in LaNi;. Actuélly, the alloy  contained some Eu;-
‘substituted fbr La, as a probe of the hydr;ding mechanism.:
‘Cohen et al obséfved Eu to be trivareétland metalliclin the .
unhydrided state ané_divélent in the hydrided condition.
‘After 1506 completed cycles, Eu was almost entireiy -in_ the
hydrided,. di;alent state, iﬁdicating-that loss in 1hydrogen
:traﬁsferaﬁility may have been due, not to contamination; but

. . .
to the formation of a stable fixed hydride. - . -

-fhejﬁossibility of‘alloy disbkbportibnatibn H?s been
examined by'Boodeil (Bb)t but dismissed except at elevated
temperatures. . Altﬁough the driving' force for
disproportionation %s high,. therae is no significant
di ffusion of La or Ni at temperatures. at  which hydfoéen
absorption normally takes place &34). Instead, Goodell 'has
. attributed transfer losél_to localized crystal structure
reordering. It 1is possible to have metal atom exchange
between La ahd nearest neighbour Ni, which would be induced
by the tendency to increase La interaetiOH with hydrogen.
It alsa may be induced by strain and/or increasing
dislocation density. This explanation would account for
capacity loss and plateau shape change. This should also
‘lead to a decrease in x-ray peak intensity and an increase

in peak width as well. GCyclic degradation was nat observed

for LaNia.>Alo.a, perhaps due to the large Al size compared.
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to Ni, méking'"atom- exchange mor§ .difficuifﬂ Eiécfron;c_

effects may also be épéréb}ei ELéctronic ipteractién df'Al_.
with Ni may stabilize the-Ni .;ubl'ét't_icé.' '

Bécause of‘the high;CQSt ﬁf LQNIs;'parfiél and tompi;té
‘subst1tut10n of both La and Ni has been investigated ?n'the
.hope_ of reduc1ng cost thhout markedly 1mpa1r1nq ki;etics
and uapacxtles cae 47 SS 70, 81—88). Plateau pressures can be
altered by as much as 300 fold in some instances. ﬂany_of
these ABs compounds, . both b;h;ry ﬁ%%d.“psgudpbina}y, are
.liétéd in .tablé' 2.3, along lu;th: pertiﬂeht"'bydriding
inforhation. | | | |

2223) AB Compounds i A ' _‘: .

N -

The AB—tybe.intérmetallits, ;ﬁ genéral, comprise. ane of.
ghe least étpénsive qroups bf' hydrogeﬁ storége'maferials.
'These Lﬁmpﬁunds absorb hydrogen at pressures of about 10-atm
at temperatures up to 100°0C. Research,. in  thls Tarea, has
focussed on FeTi. Two stable intermetallics are formed in
tﬁe Fe—T; binary %ystem, je FeTi and TiFez (31). Dﬁly FeTi

absorbs appreciable amounts of hydrogen.
‘ .
FeTi crystéllizes with the CsCl-type structure and

- reacts directly with hydrogen to form an easily decomposed

hydride. Hydrogen 1is initially taken up in solid solution,

followed by:



*

2.13 FeTiHo.12 + Hz —> 2.13 FeTiHi.ow (S-phase),
.and‘ﬁheh

-

2.20 FeTis_ow + Ho — 2.20 FeTiHi.o= (Y—phase).

The PCT curvés for the FeTi-H syétem are shown in
figﬁre 2,11 (92). .THe' monohydride Has a tetragonal
structure, wﬁilelfhé‘dihydride forms a cubic strutture; The
possgbility of a_%hird hydridé phase, centered at H/M= O.SS,
has .been repo%ted (éS), This-phase‘ hés‘ beén tentatively
designated as 8= or 6: phaée. The heat of formation for éhe
monﬁhydride is about'—27.0 kI/mol  Hz. . Hydrogen atoms are
io;ated at 0ct$hedral sites, Qith 2 Fe atoms aé_ néarésf
neighbours and 4 Ti étoms'as‘éecond n;arest neighbaﬁrs; The -
unit cell for FeTiH is showﬁ in figuré é.12.C94)} The
structure is -ortﬁorhombic, resulting essintiaIly‘ from a
doubling of the CsCl unit cell of pure FeTi followed by a
1arge‘ tetragonal‘ distortion due to.;xpanéion' al@ng L1101

"directions of the CsCl lattice . e

Unlike LaNis, FeTi is difficult to activate 'in the
initial hydrogen absorption cycler (85-97). Activation 1is
commonly - accomplished by outgassing the alloy at

temperatures >200°C and then contacting with hydrogen.

The -"activation  process in FeTi is not fully

understood. However, it is generally believed that oxygen
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impufity' in . the hydfcgen gas plays Ta dominant role.

-Drlgxnally, surface segregat;on was postula@é“‘&\ﬁ the

actlvatlon mechan1sm (350,59, 98—101). Temperatures of about_

. L4
100°C were deemed necessary to promote this segregation

process. The proposed mechanism. is very similar to that for

LaNis,-except Ti (instead of La) segregates to the surface

and is oxidized, while Fe (instead of Ni) is present in

‘subsurface layers as  either Fe or Fe-rich -metallic

clusters. These Fe .precipitates act as catalytic ceptres

for dissociation of hydrogen molecules. Zuchner et al (102D

have ohserved islands ﬁf metallic Fe present on the surface,

aembedded in Ti-oxide instead of below the surface.

Recently, a number of researchers have reported that
sur face segregation  is not required for FeTi activation

(97,103;105). A model for the activation of FeTi proposed by

-

Schober (103) does not depend on the existence of catalytic

.
~

Fe clusters. In fact, none were obseryéd by either Schober
(102) in HVEM studies or Khatamian (104) “through SAM
studies. The annealing of FeTi in a vacuﬁm or in hydrogen
at low oxygen levels results in the production of

catalytically active, 'bare FeTiO. surfaces, via dissolution.

of the original oxide layer into the matrix. This FeTi0«
phase can dissolve considerable amounts of ‘hydrogen.
Additional active regions may be provided by oxide

precipitates, such as Ti0z, TinOzn-: and Fe>TiieOs. During
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cyciing, new . catalytic FeTi surfaces are cdntinupusly
created by sracking and fragmentation.“ The ;atalytic
species may be dependent on oxygen levels in' the hydrogen
gas as well as experimental test conditions. The first
hydrogen -absorption cyclg always %hows a slow initial
reaction sfage; Que to the presence of an oxide phase, ié
TiO= or FeTiOx, étc. Dissbcigfion . of hy&fogen and
subsequent hydrogen diffusion into the bulk is quite slow.
On cycling more and more active sites are created, speeding

up absorption considerably.

The reaction, kinetics of AB compounds, and in
particular FeTi, are considerably slower than for ABs
materials. The lack of, on- at least limited, sufface
seqregation may be-pértially|responsible. Higher reaction:
temperatures - aid reaction rates by enhancing catalytic
dissociation of hydrogen; On fhe other Egﬂd, higher
temperétures_ increase plateau pressures thereby decreasing
the effecti;e preSSQre, or the preséure driving force in

excess of the equilibrium pressure, slowing down hydride

formation (106).

Lee ot al (97) have observed the initial absorption
_rate of hydrogen, after activation, to be independent of

time. From this result, they postulate that the reaction is

not controlled by di ffusion (through the hydride) or by the
. \
phase transition. Instead, the = absorption rate is

ST el

Ve - | -



.-

controlled ' by ;hémisorption of hydrogen molecules on the

sample surface.

- Reaction kinetics may'b;.improved somewhat by small
additions- of othet transiti;n elements to - FeTi:
(105,197—112). Substitutiqn of smali amounts of Nb, Ni, V,
al, Mn and Cr for Fe'and small amounts of Zrlfor Ti imbrové
-.alloy activation properties. .During activation of FeTi, the
fate:cbnt?nlling step is bélieved to be the rate of hydfogen
diffusion through the oxide layer (108). The addition of Zr
and Nb is suggested by Sasai ef al (108) to enhance hydrogen
di ffusion through the oxide film. In the case of Mn and Al
substitution,-Park et al (105,112) postulate that Mhn and Al
react with surface oxygen forming Al— and Mn—oxides,

breaking the original oxide film. New catalytic FeTi

sur face sites are exposed and activation is improved.

v

Similar reactions may also occur with FeTi powder compacted
with either Al or Mn powder. As Al or Mn content incresdes,
consumption Df‘ szgen per formula Enét also increases. The
effect of oxygen consumptipn is more favourable for Al than
_for Mn., Lim et al (€110) report that chemisorpfion of
hydrogen molecules is rate-controlling, initially, in
Al—substifuted alloys, although diffusion of H in the bulk
becomes rate—cpntrolling at a later stage. Hydrogenation

behaviour may also-be affected by differences in the number

of wvalence electrons between Al and Fe (111). Sorption

+
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capacities remain essentially unchanggd' by substitution,

lhowever; plateau. pressure . and sh;pe may be altered

»
»

significantly (92).

Reaction kinetics for FeTi- are severely affected

(moreso than with LaNis) by contaminants in the hydrogen

.

gas. Poisons such as 0z, COz, H=S, H=0 and CO can be very

detrimental to FeTi-H reactions aﬁd may‘even.halt absarption

) -

completely C76—78,113,1145. In thé presence of 0= and H=0,
/Eé?;\kpows a continuous léss in'tréhsferable hydrogéh with
cycliné. . éandrock ‘et al  (76) p;stugate that the
contaﬁinﬁtion pfotess is very similar to poisoning in the
LaNi;;H.'sy§tem. Here, stab;e Ti—-oxides would form' iﬁstead
of La-oxides. However, recent literature suggests tHat
sur face segregatioh may not be operati;e in FeTi-type alloys
-and therefo;e the“above model must Se viewed with saome

skepticism. FeTi does not recover in the same manner as

observed for LaNis, which also suggests that the poisoning

F 4

mechanism may be different in FeTi materials.

-

Carbon monoxide poisoning of FeTi occurs in the same

manner as for‘LéNi: (77) .- Decay response,  as with LaNis, 1is

.

almost propértional to CO concentration.  Here, however, the

damage is much more severe, with reaction .kinetics being

-

slowed dowh considerably. Contamination of FeTi by HzS and

CO=" is very similar o LaNis poisoning. Onze again,
_however, the severity. of the damage is much moyr &
.- 51-
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pronounced. .

Once poisﬁned, FeTi is :diffiéult - to réactiyate.
Recovery from - - Oz, H= and Coa ,gbﬁtgminétidn ’cah'.sé:
‘achieved by cycling with high puriéy. hydrogen at elevated
temﬁeratures (76).ARe§ctivation'of CO contaminated samplés
involves&essent}allj %he - same pro&edufe, but is pften_less
camplete. Partial ~ substitution in Fe%i has ‘been
investigated. with the purpose of impro;ihg pverail storage
properties c7s,1os,19?—109,114,115). This has aiready_‘be;ﬁ
Jiécusséd in_éarlier pafagraphs; with regard to: activétion
of ?eTi—ba;ed alloysT Manganese additions have been found
to reduce hystekyéis apd improve re;}BtéQfe to CO poisonfﬁg
(76>, as wall as enhanﬁing\‘_iiiixétion . of FeTi.
Hyperstoichio&etric additions of Ti (FeTiiex) have also been
studied. Hydride Vstabilit} and. alloy activity towards
hydrogen increase with increasing # €115, Plateau
definitign decreases with increasing Ti, but becomes'
prominant again as the eutectic 'compasition (FeTiz.as? is
aphroach@d 310, fhe higher plateau disappears after a few

hundred cycles.

Other AB compounds are under invesfigation as possible
hydrogen _storage materials. | ZrNi  rveacts readily with
hydrogen and absorbs up to a wcapacity of H/M= 1.5
(52,116—119).-Tw0 plateaus have been observed in this system

(119), corresponding to hydrides ZrNiH-and ZrNiHn. These
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hydrides, however, are quiter stable—4H for the monohydride

is about 77 kJ/mol Ma. TiCo and ZrCo demonstrate favourable

sorption properties as - well, Jde ease of activation and

- sorption capacities of H/M> 1.0 (120-122). Stabilities are

quite high, though, but can be lowered somewhat by third

element substitution. Hydrogen storage properties for a

nunber of.alloy—hydrogen system of the AB classification are

showh in table 2.4.
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" fwidespread use. _The Mg-H reaction "has: poor vreaction

2.24) Magnesium and Magnesium—Based Alloys

Magnesium, as a Hydrogeh ?to;aée mét#rﬁél,rﬁeeté two
'i&portant' storégefériterfa, It ;gn-store iarge quaﬁtftiés
of hydrégeh, more tﬁén three\ times as - much per unytfugight 
| than  either V'LaNig- or FeTi, and it: "is  relatively
inexpensive. -‘Héweyef, two major. 6b§t§c1es 'prévent its

kinetics and the hydride produced is too . stable for moSt

practical storage applications.

-

Méghesium_reacts with hydrbgéh in the follawing maﬁnef:_

Mg + Hz —> MgH=z.

The amount of hydrogen absorbed ﬁorresﬁonds to about 7.6
wt.% H, with a plateau pressure of 1 atm at 300°C. The heat

of formation of MgHz is —78-+8 kJ/mol Hz (123,124).

MgH= is ionic in character (wifhs;some covéleﬁcy) and -
has a tetragonai rutile-type ééructure. Tﬁere .are two Mg
atoms pe% unit cell, ie one ét the corﬁﬁiu_and one in  the
body—-centered positioﬁ (30). Twe of the hydrogen atoms are

positioned on faces, while the other two lie within the unit

cell (figure 2.13).

Magnesium, which haé been exposed to air, is difficult

to activate. MgQ forms on the surface and for thermodynamic
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reasons cannot be reduced by hdeOQen gas (58). Activation

is theref&re, slow and fequires. héating‘ under ‘hydrogen

. pressure. iDifference5~in thermal "expansion of- Mg and Mgﬁ

during heating mayu'lead to some MgO qracking exposing -

underlying Mg metal (58). More likely, _howevef,”surface
oxygen atoms diffuse into the'buik.metgl} léaving5‘site5 in

“the égrfaceklayer that cén'bg accessed. by hydrogen atoms to

-

create hydride nuclei. Since diffusion is an activated

process, absorption rates are enhanced as  temperature is

e

ﬁn;réased.j Pederson: et ai (58) have observéd _iérger Mg

particles to react more readily " than smaller particles.

.

This is éttributed to a greater build-up of oxygen atoms in
the underlying surface for smaller particles Eompaféd S to

larger ones.

Vigehoim et al (53,125) - have observed very few.nuciei
to form during initial hydrogen absorption. -E;Eh pgrficle
is h&dr;ded through the formation of aonly abﬁut Qﬁe hucl eus’
per = particle, created on the particle sur face.  The
nucleation rate is much slower than the grouth 'rate.; The
‘fate controlling step at lower pressures and, at -least, in
the‘initial cyclzs ;s nucleation of the:hydride phase §124).‘
" At _higher pressures dissociatQOn"of Ha o; Adiffhéion_.pf
atﬁmic hydrogen may' become raté contrblling. ' No single N
growth mechaniém can describe .the Mg—Hi%éﬁcf@on. ?oqdéns

behave differently - depending. on sample history and

_ss - .



: experlmental condltxons. Four types of reactiohs . are
‘poss1b1e for thznly coated Cox;de) magne51um powders (1¢S).

-Hydrogen may. 12 dxffuse through the progre551ng MgH= - phase,i

2)-d1ffuse- through the metal, a) di f fuse through m;croporeS'

in the MgH=z phase or 4): mlgrate along the hydr1de—metal

inter face. \\;\

In an.attempt~,tb imprbve react%dn kinefics, eLemeﬁts_

-such as Cu and Ni (as.well as others) have been addéd‘td_Mg
'elther as alloyzng elements or Stflgtly as catalysts. These.

forezgn atoms can aut as s1tes for hydrogen dlssotxat1on

C124). The Mg—Cu system forms tuo lntermetalllu compounds,
namely. Mg=Cu and Mgbu;. Unly Mg=Cu reacts with hydrogen. ét
reaéonable teﬁperatureg_and pressgfes.' The piateau in the

POT curves (figuré 2.14) corresponds to the r¥action (1265:j

— 2 Mg=Cu + 3" Hz “— 3 MgH=z + MaCuz=..

The hydride formed is almoéf ‘stoichibmetéic, while

dlssolutxon of hydrogen in MgCuz 15 negllglblﬁ. The heat of

formatlon for the above reaction is —7;.0 +-4 0 kJ/mol . Ha=z.
If Mg_'is - present in .the alloy‘xn excess of the composition
corresponding to Mg=Cu, the . ECT' c;ngé show fwo pl:ziﬂﬁs.

. . . . ehe

. < ‘ . "
1t is beliéved that the second plateau igs due

reaction: . - ' ' ;

Mg + Hz' —> MgHz.
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MgzNi'reacts. with hydrogen to form the ternary hydride
"MééNiH; ‘at ‘temperatures as loQ.'as 200°C (figure 2.15)
(21,59,12?—133).-.MgzNiH‘  is . believed to form a cubic

high—temperature-phase which trénsforms,'betueen 210 and 245

Ty tb'an ofthorhombic low—=temperature phase. The heat of

formation®of the hydride is about —64.5 kJ/mol Hz. .

Kinetics are enhanced, in Mg=Cu (ngNi) : alloys'
containing.exﬁess Mg. Activation is believed to be depeﬁqent'
on rsurface segregation as well as  interface—microcrack
paésages (1ﬁ7,134). On exposure to 'air- or.-'hyd;ogen,
magnesium seg?egates to the sur%ace and forms an 'uneven,-
discontiﬁuous oxide. The oxide layer onlf presents T a
_barr;er when i£ is thin and'ductile (129). When the oxide is
thick and crystalline, 1t wcan crack and allow penetration.
it ié'also;possibie that MgO is «capable of dissociatively
chemisorbing hydrogen (124). Hydrogen passes ‘tﬁrough.tthe
layer and dissociates on the Cu- CNi—)‘ ricﬁ [gubsurface
(figure 2Z.186J. Hydrogeﬁ éfoms.%hen diffuée through Mg=zCu
(Mg=Ni) and along the Mg-Mg=Cu (Mg=Ni) interféce'or aldng
microcrac&s C1§4,135). Hydrogen étoms react with Mg and
eutéctic or pre—eutectic Mg=Cu (Mg=Ni) fbrming MgHz or MéHz
+ MgCux= (MgNiz). The hydrides grow into the interior throuéh
péssages. Cracks and inter face passage wWays ldevelop and
"\\E’;ncrease in number with each hydriding/dehydriding cycle.

The rate determining step. is probably di ffusion of atomic
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hydrogen through these passages (126).

Ther; fhas been lébme bcoqtrovéréy as tﬁ lwhethér the
hydrbgen anion (Hf) or fhé Mg-cati#n (Mg~=} 1is the)diffusiﬁg
.species  and _‘- héhce'; thé ‘ ra&e;confrolling ion
(124,131, 135,138) . Luz et al  (138) have conducted
expérimeﬁts‘éhicﬁ al}éviate_this probiem.  Kirkendall marker
.w%res'were placgd'at the Mg sufface. After “hydriding,"the
position . of the markers  was noted. Sincg”thel markers
Appeared to move away from the Mg metal su%faée, siéﬁif?ing
that the hydéidé is form&d-by hydrogen flow past“thé sur face N
Ma atoms,.hydrégen muét'ha?e been thg'difquing'species; '

;imitéd ;ycliné exﬁériments have been conducted nn- Mg
and Mg-based gforage .materi%ls (123,124,137, No cyclic
degradation is obseryed for maéhésiﬁm "hydride under a
1imited_.number of_cyclés (<130 chles) (123,i3?). However,
it is difficqlﬁ to reach the full sﬁgitﬁiometric. hydride
(MgH=) and hence trénsféréble hydrogenlrepfesénts aan§A7SZ
af'the full gﬁpacity. Hydrogen‘capaeity ia Mg;Ni and Mg-Ce
intermetallics is found %o . decrease continuously with
cycling C124]{10apacity app;oaches zero after 200 cycles.
The effect.of Nz and COz contaminants on Mg—ﬁf alloys have
been investigated By Ono et al (133). Nitrdgen' effects are
ngéligibié, while CO=x has jha;atdous - effects . on
hydriding/dehydriding reactions. Carbon dio#ide' causes

methanation of hydrogen, ie
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4 Hz + COz —t 2 Hz0 + CHa.

Other elements have been added to Mg and MgaNi (Mg=Cuw)

S

to enhance kinetics and/or reduce hydride stability

'(124,131,132,134,140—144). These  additions include vrare

~

earths, such as La and Ce and transition metals, such as Zn,

‘Mn, Fe, Al, V, Cr, énd-Co, most of which increase reaction .

kinetics somewhat. However, stabilities are not lowered

compared to Mg=Ni and MgzCu; instead, hydride stabilities

are increased and dissociation pressures lowered.

-

‘Some Promising work has been undertaken by Imamura et
al (142). They have attempted to modify Mg=Ni with various
oréanic compounds. These-Mggﬁi—baged systems, trea£ed Q;th‘
ofganic réagents having a high eléctrbn aff}nity, are abie
to absorb hydrog§n readily under more moderate conditions
than normally is the cése. Modi fied Mg=Ni compounds are
prepéred by -~ reacting Mg=Ni with the appropriate organic
maté;ial in a dry tetréﬁydrofuran solvent = at  room
temperaéure for‘one yeek. .The best compound has.been found
tq be FPN-Mg=Ni, where FN is Phthalonitrile. Neil—defined
plateaus are obtained and tge hydride heat of formation is’
about. -66 kJ/mol H=z. Rapid _dissociative absorption of

hydrogen 1indicates that the materiél has wvery active

sur faces, although details are not known. Activation 1is

believed to be due to the formation of electron
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donor—acceptor -compl exes (EDA}, 1in 'which .charge ' transfer

occurs between the substances.: : ' -
~

2.25) Miscellaneous Séorage Materials

. -

There are other intermetallics that ‘will form
reversible hydrides, namely © ABa—type '-compounds
(36,86;145,146), A:By—type.compognds f83,1453 and .ABy—type
intermetallics with: hgxégonal MoSi=—, cubié T;:Ni— “and
hexagonal AlBz—type structures (33,1%7-14?3:'

The ABas coﬁﬁbunqs, iﬁ general, form'ﬁydridééﬁkhaf are
quite stable and exhibit 1little or no hysterysis (86).
Hydrogen tapacities‘appfoach and iﬁ some: caseé ex:eéd'H/N
ratios of 1.0, eg...EGCaHg_p (363 : The AxB> .compounds are
also ﬁuite stable, altﬁough néf as 'stablé as their ABs
counterparts. Hydrogen.capaci;ies for AzB; intefme?allics

are less than H/M ratios of 1.0, eg. GezCosHa (B3,145).

Theoretical maximum capacities can be deduced for both

A:B,—,and ABa—type compounds. " In Section 22 the A=B-

;tructure was shaown to  be " made uﬁ-of one ABn unit and one
ABz unit, while the ABa structure consisted of - 1/2 ABs unit

" and 2/

)]

ABz unit. The maximum hydrogeh capacities of ABs
and AB= structures were also reported in previous sections
as nine and six H atoms per formula unit respectively.

Maximum capacities for AzB> and ABs should then be:
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AzBy ; 9 + 6 = 15 H atoms/formula unit.
ABa ; 1/3(3) + 2/3}6) = 7 H atoms/formula unit.

. The magimum-éxperimental ﬁapaﬁity reﬁortéd for an ABs—-H
' éyste$'is 5.5. for the ErC65¥Q-_system‘ 367, uhicﬁ does
.app?oaﬁh.thg aboye_compgted-quaﬁtity of f.lHowgver, none 6(

the “Az=B-> Eompoundé have hydrggen capacitieé aﬁproaéhing a
value‘of 15. The maximum expe?iﬁenté}. dﬁant;%yl is & for

CezCor—H system (145).

‘Thel ' Mosii—typé'_-.énd . Tizﬂi—type . intermetafiits
disﬁroporfionate when reacted uith hydrogéh; forming binary
hydrides_uitﬁrthé metal having a high hydrogen affinity and
anotherjintérﬁ;tallic or ternary hydride compound (38, 147).
Examples of }eactions include:

. ']
MoSiz-type; 3 Zr=Cu + 4.75 Hz — S _ZrHi.» + ZrCuas.

Ti=Ni~type; Tiz=Ni + 1.7 Hz — TiHz + TiNiHi.a.

‘Beryllium rich alloys, with the hexagonal AlBa- (CZ2)
type structure, eg. ‘BezZr, are of interest because of’

broved weight efficiencies (148,149). [Beryllium form?. a

:;ydride, BeHz, with excellent volume and weight capacities
Fof hydrogen. However, BeHz cannot be formed directly and
formation is not easily reversible (149). Hydrides of Bezlr

- are easily formed (BezZrH:;.s) with _é plateau pressure at

' gb . room temperature less than 0,001 atm (144). A maximum
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hydrogen content qf_Be:ZrH:L; is attéinéble'at a pressure of

130 atm. .This correspon&s to én'attrg;tivé‘weighf.capacity
of about 2.1%. BexTiHs, which has - a Ci4 .structure, is also
_attr;ctivé”ig-terms of weight ca-acity ¢ 4.4%), .but high
pfessﬁres'are-rquiréd (150 atm§5)§r hydride formation.

Amorpﬁgﬁs ralioys. or metéllic glasseé are ‘éf s;$e
interest technologically as 'storagé materials becausg of
ﬁhigher hygfpgen capaéities relativg #o their cryétalliné
counterparts thO,lSl,lSz).:Tia.aaCuo.as, for examplé, can
ébsérb' up to SSZ nor e hydfoééﬁ .than'the corr?sponding
crgsgalgrne';ompound. Hydrogenlatoms‘ are easily absofbed
into polyhedra; sites in thesé allpys, consistiﬁg of a
cgmbination. of -lrght énd heavy.. transition element s.
Tetrahedral sites are faJ;urea in  Zr-Ni énd Zr-Pd ‘alloys
> , . ‘

(151,153>, although 6ctahedra1.énd even hexahledral sites <an

be dccupied at higher zphcentrations.
b

‘Amorphous alloys can be charged either electfoiytically
or from .the'gaé phase'CiSi)t-Electrolytic charging provides’
a 'mécroscopicaliy inhombgéngoué distribution of hydrogen
~atoms. Sas 'hyqrided samples are more homogeneous wifh

relatively high hydrogen contents.

Whether amorphous alloys retain theilr structure or

—

cfystalli:e ‘duriné hydriding depends an temperature,

;compositioq, pressure and.duration'of the process (151, 154).

[O
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Hyariding without crystalline transformations can occur at
temperatures.<100°c and'pressu;es of about 10-30 atm (iSi).
Amorphbus materials become prittle on hydriding, but do not
spoﬁtaneously disintegrate even afterl iOO H/D cycles (134).
Plateaus havé not been reported for PCT curves of light and
héavy-metai transition metal glasses. It is believed -that
since the ‘local énviroment is very similar to their
crystalline counterparts, the critical temperature (Tc) for
phase separation ié too low to allow equilibriu$ to be

reached within a reasonable exﬁériﬁental time (151).

Sur face segregation effecté have been observed in
amorphous ZrzNi (151).. Tetragonal ZrD; is formed on  the
. surface (10.6—1?.0 nm thicks, with a Ni—enricheq layer iq
the subsurface. Tetragonal Zr0Oz permits_ diffusion of
hydrogen atoms. Monoclinic Ir0z (S5.0-10.0 nm thick) forms
on the surface of as—quenched amorphous Zr=Ni and prevents

diffusion of hydrogen.

The fact that amorphous alloys have higher capacities
than corresponding intermetallics emphasizes the impo;tance
of electronic and structufe effects on hydriding (151, 152).
It appears that maximum capacity may be determined by
electronic structure, which is quite similar in a glass and
its intermetallic cbunterpart. Howewver, crystal structures

in intermetallics may nopt always allow maximum filling of

interstitial sites. Glasses may provide relaxation of these
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site restrictjons.

4]

There is a marked change in behaviour of conduction
-

electrons in amorbhous alloyé when "hydrogen is‘ absarbed.

Conduction electron concentration is expected to increase 1if
. : . P

hydrogen atoms donate one conduction electron.. per atom.

Addition of hydrogen or deuterium atoms_ elevates Fermi

E‘ﬂé.'l"gieﬁ }.ﬂ both Zfo.‘apda.aaHi.o and R zro.gyNio.saD;.o-
_Despite the increase - in Fermi momentum, " electrical

. conductivity decreases substantially.

&
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"2.26) . ABz Cémpounds L . . .J,

" This - group of hydrogen storage mater;als, for reasons
given prev1ously, is dzs;ussed in somewhat more detail than
tﬁé'ophér-four groups ~ of stotage‘ terials. ABx compounds

‘exhibit some very attractive stopage properties, ie ease of

.

acf%:ation, rapid 'kiﬁéticé.iand‘\high hydrbgen storage
{ X

.capacities. However, the high-.theEmal stability of their

hydrides limits thelr applicability.

b
-

.. The AB=z compounds ofitechnniogical interést form one of

- two crystal structlres, either the cubic, C1F structure

(155) or the hexagonal, Cl4 structure (156),.These crystal
structures are shown in figure 2.17. Both_kqf Cthese

-5 ", B
structures are Friauf Laves phases, belonging . to a group of

lattice types in which all intersticés are formed by

tetrahedra (37, 157-161). The two crystal struutures are very

.s:.nular, che major d1fference being a -sl:.ghtly d:.ffe.ﬁ.\‘

stackiné arrangement (162-163). The cubrc C13 phase has A

atoms lying on a diamond cubic lattfee. Each A atom is

surpounded by 12 R atomd at 2quivalent-distances and 4 A

atoms at equivalent distances (thouqﬁ A-B and A-A distances

- -

‘are  not  the same)‘fl&S). The hexagonal Cl4 phase has -the

~

same neighbours and " the same . sfructure, as its cubic

G

counterpart, except there is a staEking faultrafter every

Ko -

eighth layer (162).. The B atoms in both structures are
= R



. stackéd as'tetrahedrgg jbined alternatiyely"poin%—to—point

and béseftoébase in ﬁhé',-cubic lattice and only

point—to—point in the hexagonal case.

Absbrbeq'hydrogen‘ﬁay OCCUpPy one or'more‘of three‘types-
of tetrahédfal.interstices. These -interstices, ie'AZBﬁ, ABZ |
and B4 tyﬁe, -are‘ fufthér:‘classif{ed' in 'fhe. hexagonal
structure .depending on the tetrahearon faces shared 'Stable
2.5 (37,163).'There_are a t&tai of 17 such interétices ﬁer‘
AB?-formula unit in both the.cubicvand he;;gonal structures;

ie 12 AZB2, 4 ABZ and 1 B4 sites. Because of electrostatic

limitations, most of the sites remain. unoccupied on

hydriding, resulting in a maximum occupancy. of & atoms per

. formula unit for the C15 structure and '6.23 atoms per

formula unit for the C14 structure. .Acﬁording to Shoemaker

and Shoemaker (27), thelcentres of tetrahedral 'ihterstices

with a triangular face in common are less than O.16 nm

apart, which.'is'iess than the limiting H-H - internuclear
distance of 0.21 nm for hydides proposedsby Swifendick (313.
Centres of tetrahedra, not sharing faces, are at least 0.20

nm apart, implying that hydrogen can only énter' sites not

-

-sharing . faces with occupied interstices. This: is

Shoemaker’s exclusion rule. -

Attempts;have beennt made to characterize interstitial

-

site | occupanEQ by Hydrogen {or deuteriumd atoms

.

(158,161, 169,170). Shaltiel and co-workers have utilized a
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‘modi fied . approach to the rule  of ‘neveréeg:f'stébiliﬁy
C170,1715. In order to compare relative 'stabilities of
hydrogen atoms in different sites, a'vélﬁe of - AH’ is
assigned tp‘ each siée, which is the sum of tﬁe heats of
formation of elementary, imaginary, binary ﬁydrides formed
by the éurrounding A and B atoms. These heats of formgtion-
(AH?) are notrtrue enthaipies, but only_prpvide a Eeiatiye
means of comparison. The bina?y.hydride en;halpies can Ee
calculated using Miédgma's model for binary alloy formation

(172—1?5), assuming each hydrogen atom is equally dividg&
among the surrounding metal étcms. | Hydrbgen should

pfefénably occupy interstitial sites wifh the larggét aHT
values. Thé decomposition into imaginary, binary hydrides,

for a ternary hydride system :(AmBaHx), is detailed in (39).

Table 2;6 éhous AH? values calculated at different
occupancies (for AZ2B2 and ABZ sites) for a number of ABz—H
§}stems (3?,158). Enthalpy caléulations are not‘shown for B#
sites, as these afe'never. oCcupled. It is evident that
there 1is a greateru tendency fbr interstices to attract
hydrogen aslfhe number of Zr.(A) atoms surrounding the site
increases (chemical affinity effectd).  Therefore AZB2
inferstgfes are expected to be predominantly occupied along
with some AB2Z occupancy. The agreement wi#h limited,

~experimental, neutron diffraction data for fthe ZIrV=-H and

ZrCr=—H systems is, in fact, quite good (35,158,1763;

o, ~. 67 -
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although as discussed in-following sections of this thesis,

the agreement may be fortuitous.

| Shaltiel'’s ﬁodel ‘does not account for .'different:'

occupancies in fhg four typés of AZB2 sites of hexagonal ABx,

materials Ceg. ZrMnz) (S3,168,177). Shaltiel’s calculations
.predict  equal bccupancy for- all four ARB2 site fypes, ‘Ghen

in fact, 12k= sites are- preferentially occupied - in ZrMn=

(53). Sinha and Wallace (53> @ attribute this te strain
'ehergieS'assoﬁiated with #hé' oceupahcy of hydfogén.iﬂ ‘eaich
- site. - St?ain ene}gy.&alculations‘shdw that occupancy of
hydrpgen (deuterium) inm 12k sites iegqﬁ tp'a mimimum‘ strain
.energ§, ie € kJ(mbl'Hz, and Hgnte this.site.uould have the
“highest occupanty; Furthermb?e,‘the _4& éite.'(Q;)_Haé the

largest strain énefgy, ie ' 24  kJ/mol ' Hz,,K making it

energetically least favourable. Bowman et al. ¢168) present

-
Y .

an alternative tS the above, ie that differences in.

di ffusion characteristics of inequivalent AZBZ sites may

lead to differential occupancies.

There are a number of zirconium—based alloys‘of the ABz
. v

classification, receiving coks&derable attention. The main

—

interest lies with ZrVe=, Zrbrz and ZrMn=z, as well as

pseudobinary variants of these three.

ZrVz has the highest sorption - capacity with a

hydrogen—tosmetal ratio of 1.8 (85,178,179). ZrVz is the
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on}y interhetallié in the Zr—V system and is'usuaily'present.f

- as the-;dhic C1S phase. '-Boﬁh Zr2v2 and . ZrV3 sites dre

-involveq'-in:'hydriding, althbugh the more favéqrablé site

remdins that which has the higher number of Zr neighbours

€179, Zr2v2 1sites _are . occupied ~exclusively - until. a

.

composition-of about x= 2.5, whereupon- ZrVZ sites become’

coﬁpetitiVe._ Hydrogen is completely soluble'in'irvg, ie no

phase transition occurs -at  room temperature. There is,

1

However, some evidence of a structure phase transition at
325 K at highér'_hydrogen concentrations (176). The higher
temperaturé phase is cubic while ﬁhé lower temperature phase

is tetragonal. 1In this case ZIr2V2 sites ‘are no longer

equivalent because of the change in symmetry.

ZrMnz and ZrCr=, like ZrVa, " absorb- large amount’s of

hydrogen, ie up  to H/M=  1.3-1.4  (179,1B80). . ZrMn=

crystailizes as the hexagonal, Cl4 Laves phase (1817, while

ZrCr= may exist as'either the cubic, C1S or hexégonal,.614

allotrope (1823. Crystallographic and hydrogen storage - data
for all three intermetallics are given in table 2.7. In both
Zrtrz"and ZrMn=, hydrides are form and hydrogen ” is

. . . _
contained - predominantly  in AZBZ2 sites, with some ABS

occupanfy-near the absorptionm limit for ZrCr= (53,17

Other zirconium Laves phases will absorb hydrogen, ex.
ZrFex and ZrCoz. Here, however, sorption capacifties are

quite low, ie H/M< 0.15 (178). A number of general trends

-
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~are ev1dent upon examlnxng B elemeht' replacement. in ZrBzx
'1ntermeta111;s, moving from qgroup VA to VIIIA -across the

.fourth period in the Perlodlc-Table: 1) Lattice parémeters,

unit ce}l volumes - gnd‘ therefore- %ntérétitial' site sizes
decreasé moving'left fo right aﬁross the pgriodﬁ -2 Thé“
compound electron—to—atom fatzo‘ increéseé ﬁo;;ng. left to”
right across the-perlod. P Chem;cal affinity of the B
elémént'fbr hydfogen deﬁreases mov1ng left to r:ght ACTOSS -
tHe period. 4) fhe cubic Laves phase preferentlally formsﬂ
.1n the earller groups‘(erz and ZrCr:)' middle groups favour
he$;;BnaI Laves"phase _formatiop (Zrnnzi' and finally .é
reversion to ﬁupic formation ih ;atér grﬁups CZrFe; and
IrCo=). These  may be- size. ‘aﬁd ele;ffpﬁic dependent

(163,177).

Quick examination of the above peoints and comparison
with data in table 2.7, seem td suggest an interdependence

of hydrogen absorption properties on .size, relectronic and
. - -
chemical effects. It is difficult %o separate these and

assign.a relafive impcrtanﬁe to each. Figures 2.18 and 2.19

. -
lllustrate individually the dependenhe of hydrogen sofption
% .

on each of the above ;haracterxstlus. From figure 2.18
(1807 it appears' that phases with - lower electron
concentrations accomodate more hydrogen than those with

higher electron concentrations. Shaltiel (138) has done NMR

studies on ZrVz and ZrCoz.. The difference between ZrVz, with



a high hydrogen capacity and .a ‘iou ‘plateau 'preSSQfe, and

IrCoz, gith a low capécity_-an& a high. plateaﬁ .pressure,
arises*fram the sﬁatiqi form of.tﬁe wavéfunctions. ZrV= has
a  bondiné_-wa?e?gn&tion whilst ZrCoz has “an éntibbﬁding
wéve%unction. The - ZrV= wavéfunttion.has'q'iarge péﬁbability

P

denszty in the 1nterst1t1al region, whereas electron density

A d

in ZrCoz is much more Loncentrated near the atom site. .The-
high e;ectrnn. densxty between _atoms 'wﬁere Eydrogen is
situated prqdu&es electrqh"écreening ‘of hydrogen - and
therefore higher_plateau pressu;es fof ZrCo=z. Band structure
célculétions ‘by Riéstefer' et al é182} suggést that the
diffe;ente befaéen ZrVz and irCr: hydrides is due to an
upward shift of the Fermi . Level‘ by. 0. 65 eV. Aésumlng that
there is®o 'drastic uhange in the band stru;ture, the change
can be attributed to additional valence electrons in IrCra
compared'xo IrVz. For Zr(C;.V;_,)?, the Fermi enerqy of the
intermetallic increases as ‘;‘ increases and this behgviour
can be carrelated t§ Ehe- decreasing stabiiity of the

=

hydride. This is demonstratéd injtﬁé relation for the heat

of formation for a.binary hydfide proposéd by Gelatt et al.
- . Y * - o

(194) ' X

»

AH = AE, = ECMH) - ECM)

_. AE; = Z2L[LKEua™> = <ELa™»] + na™IKEL™> = {Eg™>1 + E.™

The first term represents the difference between the average



energles of the louest bands aof thé hydrlde and metal while
fhe .second term nggs the difference between average -
energies of the d-”bands. +h¢ pfeféctﬁrs; 2 and n;"H,'are
the ‘6;cup#tion. numbers of the 1ouest band and the d” bénd
'respectively.‘ The last term is the Ferm1 level of the metal
at. wh1-h addltlonal hydroéen electrons have -fo be added.
The first two terms approxlmately uanuel one another- hence

AH is dominated by‘-hanges 1n Er. A shift of 0.65 eV in Eq
‘corrésponds to a SHift in,_ AH «of 63 kJ/mol Hz. This is in

good agreement thh experlmental quantltles of -78 kJ/mol H=

and —24 kJ/mol Hzx for ZrVa and ZrCr= respectlvEly

The.importance of ;nterstifiali size iérdémonstraﬁéa-in.
figure 2.18, where hydraqen -apaulty is shown to dérrgase.as
unit cell volume decreases. This is guite p0551b1y straln
energy dependent, as discussed previously. -Finally,
chemical affinity effects are shown in figure 2.13, by nmeans
of & binary hydride enthalpy plot C195,196).'Binary'hydride

stabiliéies decrease somewhat from vapadium to cobaltq;

Most of the:hidh capacity AB= alloys form hydrides that

'are too stable for storage applications-@eg. ersz,‘é,q =10

-

o

atm at.S0°C and ZrMnzHa.e, P.q—O 007 atm at SOOCII In mary
cases plateau prussures can be ralsed s;gnzfluantly, without
markedly.reducing capacity, by partial substitution of the A

or B element with other elements . (159,178,191, 197).

Substitution usually inveolves transition elements, ie Fe,



Co, Ni, Cu, Mn, Cr and Ti (153, 178, 190, 198-201> Stability

’.reducﬁion_ may be due to any or all of  the afbrementioﬁgd_

'"effects, ie size, electronic or chemical. Most -bf. the
research'_hés con;éntréted on  ZrMn=—type pseudobinaries

c1eo,i8;,188—190,192,193,200;43,20242043.‘

. .

Eiemental substitution in pseudobinaries can be
classifiéd"according to: LD A element substitutibn,

primarily with Tiy 2) B element substitution, with Fe, Co,

Ni, Cu, Mn; Cr; 2 hyberstoichiometrié'substitution_of the B

element; 4) any combination of the above.

In the fiféf case, TiAsﬁbstitution in (Tixdri—-=JiCrz or
(Tiwlri—xdMn= results in -incréaéed plafeau pressures %nd
lower hydrogenatapaﬁities (43, 160,192,193). For x< 0.5-0.6,
capacity redu;tion ié minimal, uhile_fhe change for ¥> ofs
_is much more dramatic. Tge effect _of Ti .sub;titution on
stabilify is more pronoynced. Twenty ﬁercént 5ubstitution

of Zr by Ti raises equilibrium pressures S fold in

(TiwZVi—wdMn= (193). The reduction in stability appears to

be primarily a size effect, ie due to reduction in the size
of tetrahedral interstiﬁes. T Electron concentration remains
constant, although chemical affinity is lowered somewhat.

Rates of absorpfion and desorption remain quite rapid, for

%< 0.6, ie comparable to ZrCrz and ZrMnz binaries (152).

~

B element substitﬁtion is similar to A element

\/ﬁ‘\f)
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substitution in that hydé&éen cabacitigs and stabilities are
reduced. The amount of reducfion is of course element and
cohcehtration dependent, although co has the greatest.effect.
(1350, 1968-200). Dependingﬂon thé amount of substitution, Co
Substiéuted ZrMn= alléys may have plateau pressures up tb.
400 ‘times higher. .Here, chemical affinity, size and
electronic confributions .allA.may be operable. Lattice
parameters are lowerea, as are interstitial site sizes
(table Z2.73. Méﬁdelsohn and Bruen (191) report that hydride
stabilities vary linearly with x fo; ;oth Zr (CrVi—w)= and
Zr(FeuxVi—nd=. Chemical affinity towards hydrogen is reduce&
and electron concentration is increased with both Fe and Ca
substitution. FSr compounds; Zr (FexBi—nd= and Ir (CowBi—n)=,
with B= V ar Cr, the crystal structure chanyjes, as a
function of x, from the cubic, ©£13 structure to the
'hexag&nal, Cl4 structure and back agaié 16,28).-For .B= Mn,
there is a change from the hexagonal to the cubic form‘;t ®=
0.8 (188). Hydrogen capacities, in these pseudobinaries,

show a sharp decrease in the 0<{x<0.5 and O.BS(x(i.O range.

Capacities in the middle region decrease much more slowly.

| Shéléiel and co-workers (159,161} have develbped a
phenomenofogical model to explain absorption capacity 1in
terms of x. They have. suggested that absoption i's mainly a
result of zirconium local environment, ie nearest nelghbours
of the.type B or B’ iﬁ a pseudobinary designated.by



 ZrCB;B';_.)=. Crystal structure, ie cubic, C13 or hexagonalh
Ci4, is also assﬁhed to have no effect since the number and
typevof nearest ngighﬁours'gre  the same and Zr-B and Zr-B’
disténceé are essentially. constant in both structures.. The
;;del ;s based on local enviroment pfobabflities and 1is
detailed in the literature (159,161,205). Agreement between
‘gxperimenkal data and #he ‘theoretical model is'quité good

(figure 2.20). : -,

Tﬁé-_sgme model w3s applied to (ALAT 1 )Bzx—type
pseudobina%ieé (1807, In the (Zr,Ti;_,)Crz-H system,
‘absorp{ion was found to be dependent on nearest neighbour
enviroment,’while in- the (2rxTi;_,)Mn=—H systeh, absorption_
was dependent on both nearest and second—ﬁéaresbuﬂ@
neighbours: Desterreicher (208) disputes Shaltiel’s iﬁéal
model interpretation, reporting that hydrogen uptake as a

function of x is mainly a Fesult of the hydridg phase

transition.

Lower ~stability hydride; may also be formed by
hyperstoichiémetric additions to . ABa= Laves phases
c1s1;189;190,200,2o7>.-A prime example iS ZrMige., where the
hexagonal structure is maintaineﬁ even with deviations from

.stoichiometry as high as ZrMna.o. Excess Mn is bglieved to
replace Zr in the lattice. This behaviour 1is most likely
permissable because of the variable valency of Mn <181,

Since Mn—H affinity is much weaker than Zr-H affinity, Zr
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replacement with Mn destabilizes the hydride and raises the
hydrogen vapodr pressure. - There probably is .alse a - size
éffect, as Mn substitution also decreases interstitial site

-

size. ' -

All ZrMna—type samples, host metalé and hydrides, are
paramagnetic at room temﬁerature (181>. Magnetization is
enhanced by hydr;genation and is Udependent on thermal
history. It appears that.hydfogenation brings on either:
ferro= - or ferrimagnetism at temperaturef below 150K. There
appears to be a critical Mn—Mn-disfance of 0.28 nm in alloys
of Mn with other transition elements (181,192). For a Mn—Mn
separation less than 0.28 nm, coupling is antiferromagnetic
and Mn does not exhibit a localized moment. At separations
greater than Q.28 nﬁ: local moments are present and coupling
is ferromagnetic. .In elemental Mn, separation is less than
0.28'nm, the concentration of delocalized electrons is high
and therefore oupling is antiferfomagnetic. MiHo. s, o the
other hand, #s ferromagnetic, with Tdci= 345K. Since
hydrogenation ’nlarges the.latti&e, ferromagnetism may be
due ~to a/ distance effect. Also, because of the
electronegativity difference, hydrogen i% probably an
electron accepto;, thersby reduciné the electron

corntcentration of Mn. . -

For ZrMnze=, two types of Mn are possible: ;Mn(l) on Ir

(A) sites and Mm(2) on Mn (R) sites. The nearest neighbours

»
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for Mnh on Zr (A) sites are Mn on B. sublattice sites. Ih
~IrMn= ~ this -sep;ration ig Q.27§ nm. On hydfiding the
separation is incrgased to 0.3 - nm, resulting in
“ferromagnetif‘coupling. To achievg- the above! 47 Mn ‘would
have to  be in Zr (A) sites, possibly due %o enHan;ed
configurationai entropy. Mn—Mn distances in ZrMnae. OF

{(Zr ,MnIMn= are: 1) MndL)-Mnl) ; d= 0.306 nm 2) Mn(1d-Mn(2)

s d="0.295 nm 3> Mn(2)-Mn(2) ; d= 0.251 nm.

In terms of the critical distance of 0.28 nm, <oupling
' tedﬁenties are as follows: 1) Ma(l)—Mn(1)- fefromégnetic, 2)

MA C13=Dn (25— fgrrﬁhagnetic and ) Mn ¢2) =Mn (2)
aﬁtiferromagnetic;

" .

fhe system is . subjgcted _ﬁB ;ompéting coupling
. tendencies.  Mn(2)-Mn(2) separatiD:%for ghe hydride is 0.27
_nm, which approaches the critical distance and therefore
weakens antiferromagnetic coupling. | For CTi;Zr;;,)an,
hydrides becomé _more- ferromagnetic as Ir <content is
increased (192). The lattice is enlarged, thereby increasing
Mn—Mn distances.’ There is als§ an "electron concegtration
.coﬁtributipn. _As.Zr content is increased, absorbed hydrogen.
increases and electron coécentration décreases, due to
electron trangfer to hydrogen. X;ray pﬁotoelectron
spectroséopy (XPS) measurements by Schlapbach (éOB) indicate

charge transfer from Zr to hydrogen, ie the Ir 3d(S/2) level

is chemically shifted to a higher level from ZrMna to
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ZrMnoHa. Other evidence supporting the idea that elettrons

are transferred_ to hydroged from metal atoms has 'bgsﬁ

presented by Shaltiel (158). NMR studies of ZrVz-Hz and

-
“

HfVz~Hz show diffusion_"activation energy to increase with

hydrogen ‘concentration. : This is attriputed to charge

F

transfer of electrons from V Ir and Hf _tb the hydroéeh
s’

site. Charge transfer increases with hydrogen concentration

because a greater negat;ve screenxng charge will lead to - a

greater attractive potential for protons and hence to a

higher value of activation energy-

Activafion of ZrB= alloys 1is 'therally gquite simple.
After evacuating the- reaction chamber,, absorption of

hydfogen begins almost immediately upon’ eXposure to the

gas. Little is known about the sur face properties Qf AB=

_materials, however,* sur face segregation appears to be

operablé‘(207,208). As in LaNip the component which oxidizes

easily and has a lower surface energy di ffuses to *the

sur face and binds with oxygen. The-rémaining d-traﬂs;tion“

element precipitates .on the subsurface. These metallic
sites are accessable to molecular hydrogen and allow

catalytic dissociation. Zirconium normally would be

'expected to be the segregatlng species leaving the B element
-

for hydrogen dissocxatlon (much in the same manner . as La in

L-aNl g)‘.

This phenomenon has been observed for ZrCr= (208).-
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-Howgver, for samples of Zrﬂﬁz fractured in air, tﬁere is
;;me question as to whether Mn or Zr 1is preferentiaily
oxidized (181,190,207,208). Pourarian et al (181,190} report
that in hyperstoichiometric ZrMnzea compounds ZrO= forms at
the surface leaving Mn clustérs for Hz dissociation.
Sur face studies by Schlapbach show both Zr and Mn to be
oxidized in the ratio of erﬁn = 1:4.6 (observed in }iﬂng as
well). On the other hand, %rMn: speclmens fractﬁred in UHV
hgvé sur face concentrations‘of Zr and Mn close to the bulk
&omposition (Zr:iMn = 1:1.8). Riesterer et -al czazj-have also
observed no sigﬁificant sur face segregation for  IrVzx  and
IrCr= samples fractured in air. I£ seems that segregation
may not, in fth, be necessary for alloy activatibn.‘ Buring
activation of ZrMng (in the presence of some  2xXygenld, then,
Mn oxidizes leaving a Mn-rich and Zr-deficient surface.
Some Zr oxidizes as well, however, enough 1is avSilable in
the form of metallic clusters to catalyce hydrogen
dissociation. Metallic 2Zr  aon the subsurface ‘is  very
reactive towards hydrogen.-_;irconium .hydride may be formed
and sptll over atomic hydrogen to the underlying

intermetalliz compound.

-

The main driving forces of surface segregation in
intermetallics are the differences in the surface energiles
of the components and, in the presence of oxygen, the

differences 1in the enthalpies of oxide formation. The
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sur face enérgies and oxide heats of formatipn for Ti, Z}, Mn
and Cr are given in table 2.8. It is evident, for both IrMnz
and TiMnz, that 1if Mn0s is formed at the sur face Mn would
be the segregating species, as -observed by Schlapbach
(207,23é). In any case,-faster activation times in ZrBa
intermetallics, compared to FeTi or LaNig, may be due to
thiﬁngr oxide layers on the surface (181,190,192,202). Oxide
iayers o ZrMnoex intermetallics have consistently been

pbserved to be 5.0-7.5 nm thick as opposed to 20.0 nm for

L.aNi ==

Rualitatively, at least, reaction kinetics in AB=
méterials are gquite rapid. Kinetic data is limited,
however, the majority of work being concentrated on IrMnz
and IrMn=—-based materials (181,187,18%,130,193,202). Times
for reactibn completion in ZrMnz—hbased systems tactually
70-90% of full capacity) are of the order of 20-73 seconds
for absorption and 8&0-200 seconds for desorption. Much of
"the kinetic data must be viewed with some skepticism,
primarily because of heat ;transfer limitagipns resgltihg
from the exothermic nature of hydrogen absorption. As with
other types of hydrogen storage materials (&% LaNis and
FeTi) theré is some arguﬂént as to - which* . step - is
rate—determiﬁ;ng. Sinha et al (190,193) report Zran?H and
Zr s—nTinFeMn—-H systems to obey first order kinetics . in the'

tuo—phase'field. Hydrogen diffusion is stated as'being
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rate-determining, with. an activation energy of 24-38
kI/mol. Shitikov et al (187) alse report first order
behaviour- for Zr(Fe,Mri—xdz—H and Ti.Zra-.MnCr-H syétems,
although the e¢-— § phase transition is proposed as being

-

rate-limiting in both <cases.

Bowman et all(lsa) suggest that the relatively rapid
bulk hydroge; di ffusion rates and relatively low diffusion
activation energies in ABzH, phases are important factors
f:: favourable kinetics. Mean hydrogen hopping rates for
TiCr= are quite high,ie 2x10%/sec (240-260 K) and 2x10°/séc

(140-170 K). However, they maintain that dissociation of

hydrogen molecul es at segregated metal surfaces probably

= L

remains the dominant factor.. iﬁ controliing -reaction
kiﬁetics. ]

Crystallographicz and hydrogen storage data for  both
binary and pseudobinary Laves phases is given in table: - 2.7.
It is quite evident that one <an essentially ’tailor?
alloys, by means of elemental titution, to meet specifiﬁ
storaqe reqﬁirements.' Howeyer, substitution méy lead to two

problems, ie sloping plateau pressures gnd 'iﬁcreaéed'
hyste}esis. Sloping biafeaus have been ;eported for ZrMn=T.
(T= o, Ni, CTu, Fe CIBO;EOO), meﬁz;,'C1é9}, TiCrﬁn (184),

T (FeuMnsosda  (203), (Zri—xTixOMnz (192) and Zr (Fe.lri_d=

'§198,199) systems. Some authors believe that coﬁpqsitional
inhomogeniety is . the cause (184,132).  This may be a
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Eontributing factor, bﬁt‘sloping plateaus have been obserQed
in well annealed samples as well: (204,209). Suzuki et al

(203) suggest that the existence of hydrogen as a 1oo§e1y
occfuded.species méy 5e .partly responsible. .Dsterrgither
(206) has indicated that sloping plateaus may be explained
in terms of a local enyifomen% model. Qates and‘ ékghagan
(209) dismiss this explanation, since - a local modél Qould
predict a series of smali glateau -regions_ and nggligible
_h;stefesis, .uhfch is not the cése. ‘ Détes- and ‘Flanagan;

instead, presené.two- éossible exblanations:_ %) A ' frozen’

metal‘at;m/mmsile hydrogen méde and 2) Aﬁlocal (ipterfariai)

equilibrium ﬁoéé. f% both models hydrﬁgen_concentr tion in
the bulk phaées, ie the solid solﬁtion and 'hfdride phases,‘
incfeases as the amount ﬁf hydride:phase-is increased. The

hydrogen potentiél, therefore, increases Qith increasing
.absorption, -~ which can only be‘ realizced  py a sleoping
plateau. “The frozen metall miode Cassumes  no &etal atom
movement at all, while the 1o§a11 eqp%libriﬁm'modél allows
for meta; atom rearrangement in  the inferfacial region.

Dates and Flanagan favour the, Localv'equiiibrium mode,

although do not entirely rule out the frozen metal model.

Hystefesis becomeé increasingly evident in pseudobinary

alloys. (159,173,184). TiCrMn, for example, displays a very
large Hysteresis effect, ie ln(Pa/Pgl= 1.10 (184). Dsumi et
al (184) " have been able to reduce hysteresis Dby Mn



substitution, which tends to raise} the desorption plateau
moreso than the'aDSOYtibn'plateau. v
Because of hystdresis there are discrepancies between
enthalpieé calculated ffqmaisothefm and calorimetric 'data
(183) (table 2.75. The ;se of:vén’t Hoff hiots té determine
therhodynamic quantities is based on the assumptioﬁ that the
'syéteﬁ' is behav@ﬁg :reversibly. "'Thérlvery pPresence of

hysteresis is evidence that the system is not revefsibl;.



‘Table 2.1

IntrlnSLc and Extrinsic Rate-Controllisd Processes for
~ _ygrldlng-Dehvdr1d1ng_3eactlon (57)

Intrinsic 1) sSurface: E. T 2H

2_4- H +H
(atomistic processes) . _

ad'. ad *
2) Diffusion
3) Phase ﬁransformatign

(v ) >

Extrinsic © 1) Mass (gas) flow

v 2) ﬁéat flow
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Table 2.5

Tetrahedral Interstices in AB Friauf-Laves Phases

. With C and Cl15 Structure (37)
Site |Coordinates | Neighbours | Tetrahedron |No. Per
Faces Shared “ABz
de 0,0,z 1B 3(12k;) 1
- 3 .
z_- T8 ..3B 1l(4e}
1 2 '
4f 31502 A 3(12ky) 1
_ 43 £
zZ = g3 3B 1(4f)
lel x,2%,2 A 1({4de) 3
_ 1
.23
zZ = = 2B 2{24%)
< =
o 6h, X,2%,7 23 2(12k,) 1.5
— _ 5
c _ 11 -
% 6h., X =37 -\2a 2(12kq) 1.5
= 2B 2(6hl)
12k x = =2 23 1(4£) ,1(6h.) 3
2 24 -t 2
z = % 2B 2(24%)
2448 X,V,2 1A l(l2k2) 6
1.1 9
553 TE 13 1(12k,)
1B 1(248)
1B 1(24%)
33 3
g8b. '8-,—8-,'§ 4B 2 (323) 1
Iy 32e X,X,X la 1(8b) 4
3 9
&) = =
< x 33 3B 3(96qg)
S 96g X, X%, 2 23 1(32e) 12
2 's - :
2 X = 57 2B I(96g)
| z =% 2(969)
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Table 2.6

AH' Values Calculated for AB.E. Hydridééffér éarﬁiy<”"
arid Totallv Occupied Interstices (39) . |

Interstice | Occupancy v . AH;'ingm§1jgéi_€{‘
I '_ngz “f;r;rz ZrMn,
A282 | 0 0 | -246.4 -295£0: =202.1
0.085 | 1 _225.9 -184.1 -isi.2’|
.17 | 2 —190§¢ :é152;3 -—149vé'ff-'
0.333 | 4 ;124{5  eﬁgé,éf'f'sd;§~'
0.5 .| 6 |-91.6 - 67.8 - 66.1 |
1.0 12 |- 49.4 - 33.9 - 33.1
233 0. | o |-168.6 -106,3 -101.7
0.25 1 -‘-166.1, -105.9 -101.7 |
0.5 > | -1469 -95.0 -o1.2] "
1.0 4 |-113.0 - 77.0 - 74.9.)
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Table 2.8
List of Surfécé-Energieé and Oxide Heats of |
'Formaﬁion.for Selected Elements (208)

' Element | Surface Energy | Oxide | Oxide Enthalpy |
: | (mJ/m?) - . (xJ/mol}
gz | .. 1950 | sro, | -1100
T | 2050 | TiO, | .- 950 o
M | 1e0o  |mao |7 - 400

B e R

cr 2250 ;r203_ - -1150

' Fe .. 2250 | Fes0, | - -1130
b ‘ Fe;05 |. - 840
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Figure 2.2 Relative electronegatiwities calculated

from the Pauling relationshin, Ay_g =
96.5(X,-X5) *, where 2, o 1is the excess
binding ehercy (kj/mo%) and X, ané Xp are

. electronegativities of A ané E respectivelv.
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Figure 2.4 ©PCT diacranm showing the relationship between
equilibrium hydrogen pressure anéd hvdrogen con-
centration at various temperatures (T3>T2>T1L
(21) . : : '



Figure 2.5

102

Atomic cells in an intermetallic compound
of *wo metals, A and B, with and without
hvdrogen vresent. The atomic cells -of
hvdrogen are indicated by dashedé lines.
Jpon throgen absorptlon, the lattice in-
creases in size, which is not shown here
{(47).
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Figure 2.6 DPCT diagram showing hysteresis in a metal-
hvdrogen svstem. ’
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Fiqure 2.7 Eysteresis in the LaNig=H system
' (55), for large and small aliquot
branches. '
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Figure 2.10-

PCT nlots for the LaNi

that hysteresis is

sma

1

-8 svstem (70). XNote
1 at low temperatures.



' DISSOCIATION PRESSURE atm H,

0k,

by
o
1

o 7 ~s5C

- ek
|

Cns T

40°C

. 30°C

oc .

'\l'

R ] L} L] . )

02 - 04. -06 .08 10
. H/(FeTi) |

Figure 2.1l BCT curves for the FeTi-H system (92) -



109

| _.a:l..f

_uw. AH.IL:

+

_ ..E:.wmmw.c uwu.@pc G mvmwwo.usn ‘Ec_uwam.c =@
daxell *(v6) HTLAA 10 TTO9 FITUN DTQUOYIOYIIO ayy

21°¢ aanbyg

-0




110;;

PTITOS

. , : ~+ twu.TZOg'0 =D pue wd LTSV O

= e (31H ‘TeuohHer3al ST 2IN}ONI}S UL | "SUOT
ji -so1oato uwedo pue SUOT by quosaxdax S9TOITD . .
- (0g) ‘CHby T0¥ TTOO JTUR:@Y3} JO DTIRURYDdS W €1°Z eanhtd

<




EQUILIBRIUM PRESSURE (stm)

o
o

b

L

e rey

-—— e -

i

0.2 0.4 - 0.6
H/M

. Figure 2.14 ©PCT plots for.
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" Figure 2.15 PCT plots for the MgZNi-H system 21) .
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Plot of binary hyvdride stabllltles for
various elements of the £fourth period.
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CHAPTER 3
MATERIALS STUDIED

3.1) Alloy Preparation

ALl of the ailbyé inQestiéatéd W preparéd from high
: pgrify raQ matevials. .The' Tirconium CéB.?Z)' and 1iron .

(59.95%) werefrecgi;ed in bar form -and therefore had:to be
seqtiohed-to¢the'apﬁrbpriate size. ALL three . metals, -ie
zirconium, iron and chromium .C99,9992— pellet form), wer e
subsequently cl;angd of oil and other resiﬁue by sbaking ’ih
an agitatgdt.bath ;f acetoqe fcllowed by washing with
ethanol. The constituents were 'weighéd $n a microbalance
prior to meltiné. Excess chromlum was addéd to each &alloy
to account for .1o;ses due to vabouri:ation. Typinzal allay

weights were of the order of 50 +-3 grams.

Two sets df'alloys af the same compositions were cCast,
one set in a vacuum arc -furmace at the University of Windsar
and the other set at Atomic Energy At Camada’s Chalk River
Nuclear Laboratories. Figure 3.1 illustrates schematically
the arc furnace unit here -at theVUniversity of Windsor. Both
the thoriated-tungsten tipped electrode and copper hearth
were water.cpoled and enclosed in a quartz cylinder. Argon
was used as the arcing gas at a pressure of &0 £o 110 kFa.

The current was adjusted until a malten pool of metal was

117 -



-.db£ained, tygically of. éhe .ordér of“lob‘ A ‘Each‘ alloy
underwent  four - or fi;é{meitinél operations, preceded by
sectioning and-mixiﬁg qf the ﬁréviéus melh;_
' ® - ;_1_, .
3.2) Alloy Analysis Techniques -~

3./21) X-ray Diffraction

A Fhillips x—-ray diffractometer with a ,broportibnéi
gounfer detection head.was employedrfpf the- idehtifica;ioﬁ
of the phases preseAt in each of the allbys. 'Gréphife'
monochremated CuKe radiation at 40 kV and 20 mA was utilized
as the diffracéing medium, aloﬁgnwith a chart redﬁrder' ﬁal
count and display the diff?a;téd_beam. Phase identification
and lattice parameter calculatiqﬁs we}e.fadiliitatéd throﬁgh
data from the ASTM Diffraction  Files. Apbeﬁd;x A contains
the diffraction file caras relevant to this ';nvesfigation;
Samples. in_ both the powdered ;and sect;oﬁed‘forhs were

analyzed.
3.22) Scanning Electron Microscopy

The alloys were sectioned on é low;speed diamond saw
and then mcﬁnted in cold resin. The specimens were . wet
polished-on silicon earbide papers of 2{0, 320, #DO ana 569
grit‘follo@ed by polishing on 1.0 micron  and .05 micron

alumina wheels. Swab etching using a solution of &0 parts

H=0, 20 pa?;é HNOz and 3-4 parts HF was utilized to bring up

- 118_
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the mlurostrugture. Finally; the specimen mounting material

%

was uoated wlth a szlver paint o make ‘the entire sample and

holder_e19ctr1cally canductlng.

. Etched samples were viewed' and - photographed on the
SEMCD . Naneolab 7 Scanning Electron | Microscope, at
?mégnificatibns ranging from SOX to 2000X. The acceleratiné

voltége;used'was_ls_kv, while iﬁages were recorded on X3 om

sheet Tilm.

Qualitative compositional analysis was also done using

 the Ke ¢f' enerqy dispersivé~system attached to the SEM. This
anaiysis was limited  to element identification with z=>10,

hénce low atomic number impurity levels (primarily oxygén)
‘wefe‘not dete&table. nyéen lavels were determiﬁed by the
Teledyne Wah Chang CTompany o% Albany, Qregon. Characteristic
X—ray Energies Wer g deferminéd 'for egch_ of_ the three
elements studied (Zr, Fe and Qr). Charazteristic ggergies in
the 1Puer energy range were selected, as the o#ervofﬁage, or
thé‘ratio af accelerating potential to excitation enerqy, is

~

higher. As the overvoltage increases the peak to bauqumundﬁ

ratio in;reases. Also, chaosiné a lowsar energy qives betfer
intensity, reducing counting t%me. Characteristic energies
had to be selected suwzh that the separation was greater than
150 eV, ie higher than the rescolution.

-

Characteristic energies were selected at 1.33% kV (Lg),

L 4
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respectively. -

Windows were st up for

N .

\ -
1
\

5.28 KV (Kg ) and 6.38 kV (Kg) for 2Zr, Cr and Fe

each of

’

- . o ’ ! N c . \_"/
peaks in order to obtain counts  for only those peaks. The

windows were 300 eV in

of the peaks.

A specimen was

aemitted K—rays

lithium—drifted silicon

counts were used in al
were utilized.

rumber of areas: -

Wer e

to  Sbtain

width and centered about the mid@le

- -
. — -

impinged upon by electroqé and any

deteczted and

detectar. Corrected sixty second

e

cases. - Twe methods of “bombardment

Imitially * electrons were scanned over a

Lo e

3 génefﬁ?

compositional

distributions of those . areas and ‘relative’ large  scale

compDSitionél differences.
detect any locai compositeonal Qariatians.-
pfojected onta a CRT screen and displayed as an
vS. enerqy distribﬁtion.

taking the area under each of the peaks.

Spot counts  were then done to

-

The results were
intensity
Total counts were obtained by

This integration

procedure is done automatically by the Kevex system.

3.23) Transmission Electron Microscopy

- Samples were prepared for TEM analysis by either of two

techiniques: 1)
carbon-coated copper

extraction via carbon

dispersion of

the . alloy powders on

grids or 2) second phase particle

film replicas.’

Thé first technigue was employed to. allow for general

- 120 -
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r_mlcroana1y51s of -thé ihtermetallics.  ' 'Répeated
hydr:dxng/dehydrzdzng of the pseudob:nary LOMPDUHdS produced

<"d151ntegrated powder part:;les (6-10 mlurons in dlameter),'

o

whluh were transparent to electrons. A portion 'Df the

powder was ultrasonLgally mlxed wlth ethénoi' in3a sq@eéée

bOttlﬁ to prov1de a well dlstrlbuted suspenslon. AAsingIe_‘

drop was pla|ed on a carbon—uoated 2 mm d1ameter,' Topper

arid. The ethanol then  evaporated, leaving only -the

dispersed powder on the grid. This éample' was then ready

" foy TEM examination.

The sgtond technique was utilized o facillitate
minority, second tor third, etc.) phasé. identffication.
Samples were prepared as for SEM analysis, although'théée

were overetched to  further -bring up the second. phase.

Carbon was direﬁfly 'evaporéted on - the surface -of the

gpecimen in the Polaron Carbon Evaporator. The evapo%atedn

carbon was removed by &oaking for 5-10 seconds in an aszid

solution of the same -omposition as the etchant described in

Section 3.21. FPieces of carbon film were placed onto -2 mm

~diameter coppe% -qrids. - These 'cérbon 'films contained at

least some minority  phase particles, . 'p%oviding the
extraction technique was successful.

-
Lo

Microanalysis was then done _in  the  JEOL 1000X

Transmission Electron Microscope. The aczelerating valtage.

was 100 kV in all ijggances, while both bright_field'CBFD

oy



A

" images . and Seleﬁted_areé7d;ffraction (SAD) - patterns” were

" recorded on 4XS cm sheet film.

'Caiibrat;an bft.thé TEM  is nécgésa{y' in order to

_determine  the | caméra -constant toof the  microscope.

Pniytrystélline aluminum is_empioyed'as‘tﬁé étandardi'fqrﬂ

camera constant deternination. § This procedure is outlined

'%n Appeﬁdik_a.

3.3 Results . and Discussions

The aLloys‘anestigatedttafé iiistéd in table 3.1-along

with ‘the ;pprppfiate‘ crystallographic - data and Caxygen
anélysis. All  of the alloys-ueré extremely - brittie, as

N - . - . © - ‘ . . , T
.gvideﬂt:_ from - the nqmer&ﬁs zracks . present in.  the

‘microstructures (figure 23.2). Brittle behaviouwr was not

surprising, as this is a itréit of .mos£  {atermetallic
Eompdﬁnaé; ahd; in féct; -ﬁany-éample% fr;:tured‘oﬁ.codliﬁé
from the high melting - teméeratures; ALl samples were .
predominantiy sihgle—phgéed;- indexed as the “hexaéonéil

HanQFtypelLaves'phase. Lattice parameters decreased with

increasing x (or Fed), whichrwas expected due to the smaller

iran atomic size.

A sécond phase was present in all cases (figure 3.2),
A . : ' ' '

which increased in quantity with increasing Cchyaml um

content. Not coircidentally, oxygen levels alsc increased

with. increasing chromium compositiaon. Identification of the

- 1l22-



'senond phase partlgIeS‘qwas 'realizéﬁ byfisolatingwthem;frdm
_ . . ST T L
- the matrlx phase by méans of the - extraction - techinique
'.Tdiscussed‘ln Seutlon a.2a. Thiéiﬁasrﬁnllﬁwédfhyféxaminétioh

iﬁ,bothjthe~sEm,and TEM. TEM bright field' imagés of these.

‘extragted repllcas for varlous ,alioy &ompositiohs'afe 5hown‘_7

4

in flgure’S,a.nﬁev ana1y51s ravealed the presen- of only
Tzivconium, with'no ev1den- f vlther LhYDNlUm ar - 1rbn;7‘at
e - all - ralloy compositions. Electron_.diffra;tion " studies

R - conclusively. identified the Swcond phase as bé;ngﬁlthenfi_
\\\,///’r’f‘;gqfclinic[form‘of 'Zrﬂg.' SAD patterns for a ‘ngmber of

prxwglple ;rystalloqraphlu dlYeLthnS are. shbwn in  figure

9
Y P
N
o~ The presence  of iﬁcreasihg SoMygen B level;_ with
increasing  chromium content was  traced to - the  raw

'matérials.‘ Oxygén levels in the chfohiuh_m&%al*f#EOQ pefiy
fwére COnsiQerably higher than-for\éifher'iron (iOOOzppmf =
Tirconium (70 ppmd. Theré may.have aisb .been ,sﬁme “pxyggn
-cantamihation -frpm..fhe. aﬁé ' fufnace’ adquatus. . -This
:onfributioﬁ is prébébly smail, as: q;ygeh levels _a}e

virtually the same tor both sets =f melts (table 3.1).

Qualitative-, Kevex‘ 'analysis_ indicated :' éVera%I'
compositionél uhiformitya ‘Akeé cqunts,-expresséd in éerms
of elemental ratios Ctable g.2), are éuité'cpnéistent for
each afloy._:ompositiﬁn.- pral ‘Eomﬁésit;onal di fferences
were evident brimarily in areas cbntéininé . s¢cond phase
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" particles. These regiﬁns- sﬁoued_'much. higher 'Zr levels.

. This is dllustrated in table 3.3, in terms of ZriCr and

'ZkEFe'rat;qs.._ Asfd;s:ussedgiﬁ fhe,pﬁéviqus paragraphs, the

'ségohd phaéeApaftic1es are Ir—-rich. Levels- of £r énd;Fe are”

48

fdet§;fed‘ becéuse2 of beam’ _spreadingf " during: counting.

-

" Quantitative .amalysis was done on a~selected number of

’J’,/ f

samples - as @ means :of comparing actual compositiéns to .

_b?bﬁosed QRS . ﬂfhese égmpiés w&re,analyied_at_Tglédxﬁe.Nah“

Charig and thé results are shown ~in table 3.4. Agresment

" between proposed and.actuél-lévéls ie reasonably ‘good.

-_— N - ! A . . . . . .
"Béﬂéra}-- TEM = microstructural studies - reveal ed
Zr(Fexlri—wd= - intermetallics - to be" ‘essentially

‘structureless. Bright field images are shown in figure 2.5

?dr'tyo allOy'co&posit;oné,-.Samblgs;é%é ﬁowde}ed speciﬁéns;
oroduced either - by repeated hydriding/dehydriding or

mechanically ground .in a pestle and mortar. 'The overriding

fgaturé <oin both types of 'samples (moress. .in | the

hydrided/dehydridedAcase) is the presence of bend contaurs.

These are hdst ”likelyA“ﬁroduced_by‘distortian'from repeated

cycling A (hydrided/dehydrided” ”‘samples} Lo -mechani@al.‘

defo?matioﬁ (groound samples). Indexed SAD patterns, shown
in'figuré-S.S for Zr(Feo.7»tro.si=, verify the x-ray results,

ie that ZrCFéMCr;_,)z ' intermetallics | (x< 0.8 @ are

: preddminantly made up of the hexagonal Laves phase.

S.4) ‘Summary

~ lz4 _



.1)-‘Ali.Zf(Fégﬁrg;,)i-inf%rmétallidﬁ;a£e=‘hrédomingptf9
_si;gieép_hésed'. _Thig phase has been identified as the
hé#égbnél-Man:—#ybg-Layés.ﬁhasé;muhéré both a and « létticéT
izpqrawéférsjd%crease:QitH1int;easiﬁg Fe sgbéti%utiqn.'

y .2) A second phase has been positively identified -as.
. monsclinic ZrOz. The source of oxygen has been fraded to the
chromium  raw ,material,f as oxygen levels ingrease’ with

increasing Cr compositiaon.
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Table 3. l

%

Crvstallographlc Data. and Oxygen Analysls For Both’

Sets of Zr(Fe Cr

iy

lé Intermetalllcs

"Allov

~-Parameter.

‘ Oxvgen Content.

" - Lattice.
a(amx10) | c(nmxio) | (PPML -
2rcr;,  5.08 - g.28 2500
= T _— 2700
’zr{?e _cr. o). 5.03 'g.25 . .f 2100 |
| 0'25.'0'75 21 5.05 .30 2200 .
-Zr(Fe ).|. s.02 8.23 1680
0.450.55"2 | 2103 8.26 1560
Zr(Fe ), 5.01. -.8.23 1500 .
| .557%0.45”2 5.03 ©g.24 - 1550
Zr(Fe. ..Cr~ ac) 4.99 8.18 1180
0.65770-3572 | . 5 02 §.20 1360
‘zz(Fe. - Cr. ) 5.00" §.19° 1200
7 0.7070.3072 1 501 | 8.16 1450
2r (Fer 5eCTn -c)s | 5.00 8§.17 .- 1170
0.75770-25"2 1 3 g0 8.16 1040
Zr(Fey 5Cry L), 4.97 8.15 920

[
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" Table 3.2

General Area Kevex Data Expressed in Terms

~of Element Ratlos
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Table 3.3

ta Expressed in Terms of Element Ratios
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Table 3.4

Comparison of Attempted and Actual Compositions
Zor Three Selected Alloys :

Attempted'Comﬁbsition Actual ComP9Siti°n
2z (Feg 50T 75)2 2riFeq 30%Tp.75)2
Zr(Fe0.45c§O‘5s}2_ Zr(Fe0_53Cr'0;50)-2
z:(FeG.7%er.25)2 | z:(FeO_ascro_és)z

-‘\I\ .

[
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Figure 3.1 . Schematic representation of the vacuum arc
: furnace.



5 1 £
SEM micrographs of a) Zr(E‘eO_GSCrO‘SS)2
and b) Zr(reO.ZSCr0.75)2. Note the

presence of microcracks and second phase
particles. -

2
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r

x|
Zr(FeO.SCrO-z)2 showing the isclated

TEM micrographs ¢f extracted. replicas
©0.25¢Tg. 7572 3RS B

* of a)

gqure 3.3

ri

second nhase.



)

Figure 3.4 SAD patterns, showing principle-crvstallo-
~ graphic directions ([100] and [111]), and

TEM micrographs for the second phase,
Extracted replicas are

zr0, particles.
from ZrCr,.



Figure 3.5

TEM bright field images of powdered
specimens; a) Zr(Fey 4Cxy 3)2 and b)

Zr(Fe0.4SCrO.55)2. ‘Samples are DOW-

dered by either mechanical grinding
(top) or repeated hvdriding/dehvdriding.
The overriding feature is the presence
of bend contours. '

-






 CHAPTER 4 -
- anamx.:ie)nm\}bmnmﬁ. CHAéAtC%E.RiS”.‘::.S -
1401 Experimgnta}”PT;ce&u;g
§_%£) Hydé;pgﬁgfbebydridiﬁg Ap?gfatus

A Hydriding(aéhydfiding ‘spparatus was constructed for
the puqusé of this _investigation. The apparatus is shaown -
both‘schemat;cally‘and photographically in figure .10

_ Type 0% stain;éss steel Swagglpk‘br thréaded'fiftings
Cwere _utilizéd for ‘all cbndeétiqngl'xThreadéd jointé were
5ealed: By -wrapp;pg uithtgfl%ﬁ tape; ‘Thé_ appa}afus was
diéided - into .three'major parts,_;écﬁ separated from the
',Sther b}.means of Nuprp'stainless‘steel.bellow; o métering
valves. | |

"

The main secti&n of the.gppa}étus consisted 'Qf thé-
reactor system; The reéﬁtorf.ggssel'was &acﬁiﬂed from type
.304-5tainleés_steel bér,'with three- 0.25 “inch ‘90.635‘ ;m)
tapped ﬁor%s, far iﬂlét ga%,, outlét__gas. and thermotoupie
cotnections respecti?ely. A doubie oﬂring! sealed end
plafe, faétened with sSix sfainless steel bolts, prdyided a
éood seal aﬁdA:faﬁiiitated‘-lcadiﬁg and removal ! of alloy
specimen%.. The reactor_wa% enclosed in: a horizoﬁtal tube

furnace, equipped with a controller accurate to +=29C,. Eas



pressure in the %é;ctoru'gés Ambﬂiﬁ&rgd  tthugH téafaoqrgonﬁ:
pﬁegsure' géuégsf ';éj_onq_jfbri'ﬁeasQriﬁg'Io§¢}'npf¢ssur§§
(vacu¥m to‘406_kPé. gaug?) “;nd'jcné- fbr}?m§asuFing.1highe?
‘preSSures-éO éé 76Q0t5§afgaﬁgé);_JéAéqiﬁég 'SEél/V ;préssufe
_tﬁansdhﬁéf:(préssure'réﬁgé;o%AVACQQm ta 7600 kéé).Qiﬁhrchért;

.. recorder was also - connected . to the reactor to  allow:

. continous,_pfessute measuremenﬁs with . time. - Temberature'
changes were monitored with a',thermdcouple,,lb;atedﬂabove
the sample in the reactor chamber, and - a digital readout’

system. . . o .

”fhe dther ‘two séétieﬁs‘of the épbéfatgs Wt e combrisedt
"af essentiallf pfessuf# veéséls, ;dnnettédl.respectivélyA t»
the ‘inlefﬂ port "and thé 0qtlet‘ﬁorﬁ of tThe reactor-’véssef
system. :Pressu;es' in;these cHambéré uéré‘ aiéo: monitpreq
‘Qith Bourdon‘pfessuréfgaﬁgés.  The -p?essure 70&5??1 ﬁn'tﬁe
inlgf side‘was difectly‘;cannected»'to 2 hydfogeﬁ cylinder,
'through.a valve gﬁd reguiator,' and ltherefore‘ acted‘.;s.ié
ﬁémparary resequir for 'hydvogen prior to admi55ion Lo the'
reactor  vessel. Thé pressure véséél on  tHe ‘mutleﬁ side
. served as’ a ;empofar& résérvoirv for "discérded hydrogen;
péfﬁre release to #he fume.hooa and eventualhburnihg in a

bunsen burner.

A mechanical/diffusibn type vacuum pump and argon tank
uere_alsouconheqted te the reactor and pressure vessels Tor

bleeding and evacuation purposes.  All gases utiii:ed in the
. S, .

|
1~
LW
Y
{



systém'uere ultra hlqh purlty TUHP) qrade Dr better. .. Check

yal#es wére lnstalled at’ key pDSltlDﬂS in the apparatus"to
- e T .

gnéuré_ un1d1reLt10nal. f{gﬂﬂand to prevent béck.'flashing.

Relief va1Vgs, uonnerted E both: the reactor and the inlet”

pressure vegsel, provided S ar means df_relieving accidental

‘overpressures (27000 kPa), by vgnting;to.the butlet pPressure

..

vessel.
g Ceramic combusfion boats (Al=0s) weére employed . as
\samplei holders in the reactor 'vessel. These boats were’

impéryidus to hydrogen'pickup'and were available in a range
ot sires. Orucible capacities could: be varied, from <10
. grams in the smalldr boats to about 30 grams.-in the largest

4.12 Reactor System Calibration

The amuunt o hydrmaen-absorbed or desorbed, by a given
sample, ~was calculated’ using‘_p?essureitemperatuquvolyme
relationships. .Szn:e_hydrbgen behaves very nearly like an
ideal gas at;temﬁeratures.ﬁ{350°CJ-and bressures C<SO00 kA )

' ‘ L R : = .
of interest in this study, the 1ideal gas'law was Initially:
assumed:

FV = nRT, ‘ S
where F is the Pressure (kPa) in the Qréagtor, V is the

Creactor sysfem volume  Cm™), F is the gas constant (R=



. 8.21441 Jmol=iK-=%), Tis

the absolute temperature in  the

-

" -reactor. (K) and n is the -number of moles of hydrogen gas

Sbntaihéd in the Eea;torTSystem} _ Theglébbve fequationx was’

;;ound'tq‘ﬁe.valid:at room temperature, as the température |

'gasiuniforﬁ tHroughodt‘the'reachr-systgm.

'_Beforé“'broceéding  any. - further, “the volume nf the
reactor  system had to be determined.. This was achieved .

1

cindirectly by utilizing the' isothermal pressﬁre—volume

.

_relationshipr‘ R : _ I o o

FiVae = PaV= (constant T,

Ll

L APV, = aPaVa.

‘fhe valume of the_outlet_éressufé vessel sy%tém_ was kn&wn,‘
ie Vo= 1050 ml f—io ml. The reactor 'uas prgssuri:ed ta a
quun 'hydrogen' pressure; before releasing some. of this
hydrogeh_ﬁo the 'odt;et.-ﬁressure vessellA By repeéting this

_ : -1 .
procedure numerous times and by recording both .the pressure

Y

drop and increase in the reactor and outlet pressure vessels |

respectively, . the :volume of the reactor systém (Vi) was

‘"determined as 35S0 +-3 ml.

The volume of the reactor changes éiightly dependiﬁg

- upon the sample- size and * also due to thermal expansion.

*, -

. X .

Both - of these effects’ are minimal. Assuming a maximum

|
',_l
LS I
0
i




 volume increase (or decrease) of 10 ml, results in ‘a volume

change of less than SZ.fCOHSequeﬁtly,fa constant wvolume  is

“not én:unreasSnable assdmptioﬁfl

fhe'idéal?gas‘lau 1@&55 not _applicable at fémperaturés
aboye.%dqm‘témperathe, becausé - of ﬁemperature‘g;adientﬁ_in
;thé system. .The qﬁlk Df fhe.reactof‘system.was contained in
. the tube furnace, Eéueyér;r thé,ménifﬁld’uasAhot';ontained.
an. empiricéi‘ éxp%éssion washdériyed fo"aCCountk.fof ;his
deviation from ideality. .

It was assumed that any deviation from ideality was due
to a constant change inaslope.and not to. a -deviation from

linearity, i1e.

F = anT + Bn

B = ncaT + B,

whete A and B are empirical constants. The validity of this

-equafion was tested by imnitially admitﬁiﬁg a predétermined.

+

Aamount of hydrogen. gas into  the rséctar - at room
temperature. The reécﬁor was ‘ihen héated to -a  maximum
temperature of 22S°C. At selected intérvals bdth the

temperature and pressure were recorded. This procedure wasg
repeated for a number of different initial system

pressures. - Some of the fesults are plottéd in: figures 4.2

- '



Cand. 4.3. Linear behaviour was observed in-all cases over the
'.iémperaturef range of interest. By Fearranging‘ the above
relation, values for the slope (A) and . the intercept (B

were caicylated (table 4.1):

F/n = AT + B.

Préssurgutemperaturé rélationships‘ueré' determined for both
low and high preSSQré"canditiDns. These'exbressions,‘shouﬂ
in  table 9.1, were verified with additieonal = =xperimental

" runs and th¥ agregsment @as quite reasonable.

4.13) Hydriding/Dehydriding Procedure

. Each _ofi;ﬁhé praspectiQe ‘élloys was‘tésted Cfor  its
ability .to aE;de:and desorb hydrogen. ActiVatiSn of a
_givénlailoy was -initiated by crushing a 4-25 .gram sample in
Ta-pestl% and mortar. Becéuse ﬁf fhe brittle natu?e of‘these
intermetallics,lfhis was achieved with iiﬁtle ‘diffiﬁultly..
Paréicle size‘was variébig,_'although gehéﬁally less tﬁan 3.

mm. A crushed sample was then place in a -crusible and

_ N
"weighéd on Ca :m§crobalance. Be'fore insertipn_ the -
féatto? chamber, the crucible was cave?gd with 400 mesh
stainless steel écreeﬁ'in dn effort to reduce powder loss
 du;ing'a5sorption ang desorption of hydrogeh. _An evécﬁétian
procedure followed by bleeding with UHF " argon . 'was.

undertaken. This procedure was repeated several: times for a

period of four hours, until final evacuation. Hydrogen was



then admittéd‘-into“thew‘keadtor, at pressures above the’

. equilibrium pressure, from the inlet pressure vessel. In
most Cases, hydrogen was absorbed within a few minutes,

- without any further activation treatment.

-

Once full actjyatith-was achieved, and after at least

- six complete abscrption/desorption cycles, PCT curves  were

'd&termihgd | Cor aﬁ least .attempted) . far  each ' sample.

Absorption isdthe?ms'uere #btained_ by initially desarbiné
all'absorbed'hydrdgen. ‘SMall aliquots Df hydrégén were theé
‘released, froﬁ the inlet_pressure-vessel,'iﬁto;ﬁﬁe féactor.
The initial pressure in the reactar was recorded. Any

breSSure drﬁp, due to hydrogen absorﬁtion, waé noted and the

equilibfium pneséure was vecorded. Most of the hydrogen was .

absorbed7within.fifteen minutes, however, itwo hours elapsed’

before an equilibrium pressure was recorded.. Additional

aliquots were added and the ‘same‘ procedure repeated. The

amount  of " hydrogen absorbed was deduced from Ceither the

ideal gas law, atlroom temperature, or.one  of ‘the empirical:

‘expressions, derived in the previols section. Results were
plotted on PCT 1diagrams' as a functiom of hydrogen—to—-metal
(H/M) ratios.

"Desorptipn -isbtherﬁs wéfe obtained by essentially

.reversing the absorption isotherm procedure. Fully hydrided

samples - wer e ‘gradually" dehydrided by releasing ‘small

‘aliQuots bf,hydrogeﬁ gas from the reactaor chamber into  the

_142 _
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'outlet'preSSurg vessel. Again_the system was allowed to
equilibrate for two hours, for each data point. . The
7 quantity of hydrogen desorbed  was calculated from the

subsequent pressure .changes.

Limited kinetic studies = were done  on - exceptisonal

Ir (Fea.lri-xl= samples and dompareﬁ Qith, pefhaps, the béﬁt
commercial hydrogen storage alloy, - 1ie 'LaNig; Dehydrided

 samp1eS were eprsed_to 'hydrogen_'overpressufés_ c1oqof2006
kPa) and the coﬁtinuous pféésqre—drop'vé. time'was recorded
by means . ;f the éoltec_ preésure-:tranédﬁﬁer. and chart
re;oraer; P;éséure cﬁanges_ Wer e converted' t@“ percent”
hydrag&ﬁ-'absogbéd 6f'.thg‘ max i mum capacit* .and plofted

against time.

T

It should be noted that the absorption curves obtained

er

€
T

not true _kiﬁetit ﬁurves, since strict 'isatﬁérmal
conditions -were not maintained. :Thg‘ﬁydridinglreaﬁtion is
éxothermi; in qafure,if&adiné to- iocalized’_héé%ing af the
hydride‘bed.. Remaval of'-fhié h;at was inéfficient because
' Df ﬁeat transfer iimitations'of‘bptﬁ the ceramisc combustion
boats and.thé Sfainléss steel reactdr; However, all samples:

were tested under the same conditions, providing a relative

means of comparison.

All hydrogen: absorbing alloys were tested for short

“term cyclébility,. ie. at least 20 absorptioﬁ/desprption'

ST
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cycles. Any changes in Hydrogeﬁ capécify'Qith ;ycling-were

noted. Fully dehydrided samples were subjected to  x-ray’

"defrgction‘ to- checkI for anylzsigns of :ryé#éliagraphi;

‘degradation.
4.14) In—situ Hydriding

In-situ hydriding studies were conducted in the Hitachi
HU-1000 High Voltage Electron Microscope (HVEM) at Oak Ridge
Naticnal Laboratory (ORNL), Oak Ridge, Tennesee. The HVEM is

actually quite _similar~fo a conventional TEM, thé major

di fference béing a much  higher electron accelerating

patential (1000 kv compared to 100 .kV).‘- The higher

a;cele%ating voltage;has a number of advantages over -the
. . X . . : : R

'lower-potential ﬁicrostope. .For the.pﬁrﬁose?of this study,
HVEM use pérmits‘ illqmination of thicke} sampiég' and
operatlion in_éhe preseﬁce of low'pressﬁre gases. The HVEM
is egquipped uitﬁ anm enviromental ‘tell, along wﬁth é' héating

stage. The enviromental cell permits investigation of

metal—-hydrogen interactions, by méaﬁé‘ of a controlled

hydragen leak into the cell. 1HBas pressures are somewhat.

limited (<101 KkPFal in the enviromental cell.  Sample

contamination may also be a problem, due to hydrocarbon’

paisons from the vacuum system.

Samples for HVEM in-situ studies were'prepared in the

same manner as for  conventional TEM examination,. ie by

o oLab



:aispersion sf aliéy powdérs-on carbpn—coated copher grids.
,KB@th“hydrided and dehydrided spéciﬁens were . prepared, ie
dehydrided samples of Zrcrgq.;ECrc_gaaz, Zr (Feo. sl ows) 2
and Zf(Feo;;=Cr;_==)= intermetallics, _uﬁile hydrided
specimeqs were prepared only - from Ir (Féo.wslro.mmd= (for
stability reésoné). These were chosen because .of their
relatively low equilibrium pressures (Feq< 101 kPa) and ease

of activation..
"4.15) Particle Size Measurement

'Particig size ﬁeasu;émenfs wer e ﬁadé .on' a number of
dehydrided _poners. ' ggmpiés_‘were prepared iﬁ _the -Samer
manner és for fEM anély515 §Section 3.237, ie by disp&rsion
of the powdér‘.on - carbon coéted tbppér grids. A series of.
micrograpgs were taken.'iﬁ thé SEM, . all at fhe _same'

: I . .

magni fication.  The exact magnification was verified by

" ~

means of calibration grids (figure 2.4). Particle sices were
measured directly from the mnegative using the Ladd'graphic
data image analyzer. The wvariable geometry of the powders

made average size measurements difficult, hHence sizes .were

‘taken as particle longest lengths.

| | N
- 4.2) Results and Discussions
4.21) Activation
Aall alloy sampl =3, with the exvcepticon of

-
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Zr(Fe¢;z=Cro_7u}=.and'ZrCf=, éctivafed ‘quité read;ly:in the
initiai,ébsorption Eytle. Hydrogen;} at modest pressures (K
1000£Pa), was aﬁsmrbed-within a few minutes of exXposure to
the sample surface. Abshrpt;on azcelerated as the reaction
.pfogressed before leveling off as equilibrium was approached.
;(figgre.4.5). The eaée of actiQétibh-;ould be attributed %o
the au£0catalytic nature of the reactioh}hié the continugds
icreafiah' of fkgsh ‘sﬁrface . caused by  particle
diéiﬁtegration. Disiﬁtegration was pr&bably a direct”result'
'of excésSive]interﬁaf.strgésés ‘generage& during hydriding
t(approximately é on.expansion of the unit cell  volume).
Full caﬁacities, which were of the order of H/M= 1.0, were
att#inabl;.in the first‘abso}ption cycle.

-

1

Irlr= and ZrCFé§_§=Cr$_7=)= Qamples required an
éddiﬁianél acti§atioﬁ procédu?e. Mydrogen was not absorbed
7dur§ﬁg inifial- éxpasﬁré to  the gas. fhe presence  of
mono&liﬁif .Zrﬂz‘ on the _5urface, which is impervious to
hydrogen.dikfuéion €151), méy‘ have beeﬁ respbnsiblé. These
alloy ,sampies ueré heatea in the reactor chamber, ‘under
hydrogeh pressure, to 360f350°¢ l#nd subjected to a flowing
Hyarogen atmosphere for 30-45.minutes, fol}owed By «cnooling
in hydrogen o room temperature.' This procedure resulted in
partial activation of tﬁelsamples. Further activatioﬁ was
;ealized by rebeated cycling <(heating and rcooling) in

hydriogen gas.



Whether or 'nﬁt sur face segregation, as a :hydrogeﬁ
absﬁrpficn 'méchanism,is operative Coin Zr(Fe,Cr;_;ﬁz
intermetaliics is still open to question.‘ lHowevef, if
segregation does indeed oc;ur; thérmoqynamiC'data-from téble
2.8 sdggests that Zr 1is the segregafing species .jlower
sur face energy and appfoximately the same oxide enthalpy. of
formation compared to either Cr or Fel. Zireonium oxide
- would thea form _at the surface and either OF— or Fe-rich

-

clusters would catalyze Hz dissociation.

4.42) Pressufe—Composition—Temperature Diagrams

Froblems were ~  encountered - during FCT curve
determination. For the first batch of  Zr(Fe.lri-x)=
intermetallics cast, absorptioh isotherms - were attainable

L4

for only Zr(Fea.>Cre.s)=z and ZIr(Feo.»oslro.2z)=. These. are

shown 1in  figures 4.6 and 4.7. From these curves,
thermod}namic quantities were calculated,by means of van't
Haoff plots. Examples are shown in  figure 4.8. Actually

partiai molal quantities"werq determined and are listed in

table 4.2. As expected, Ir (Fee.»slro.zsdz has a slightly

lower enthalpy of formation than Zr(F?o_7°Dr°_=°)=.- Full

- capacities were not obtained for higher Cr content alloys

during PCT curve determination, and, in fact]

were reduce by up to &Q4 of the original_  sorption

capacity. Surface poisoning appeared to be operative,

however, the source. of contamination proved baffling. an

A

capacities

o



- . "

L. -

exhaustive search uaS*undertakeh im an effort Yo identify

-

the problem. ' o - .

The initigl énd dbvious suspett'wés the-téactor system'
design. So—calied d&ad_ spaces 1n- the reéctor system
prov1ded potent1a1 havens for electrophilic impurity gases,
such as 0= ov H=0, elther present in small quantatzes in the
hydrogen gas or rema1n1ng from  the q ot bleed1nq and

evacuation procedure.  The following attempts were made to

r

19

duce impurity gés-effe;tsz 1) Higher purity hydrogen égs,
ie :alibration'gfade containing < 10ppm tQtallimpu;ities,
was substitufed “for the UHF grade gas. é) Baking wof Cthe ]
reactor chamber, at temp;ratures up to 400°C and under
con?inuous evacuation, uas\;ttempted in an effort to reduce
Qater vapour levels. é) i‘L.at'r"gpa~1" gsample Sizes were employed
as a means of reducing sample weight to. impurity level
ratios. None of these attempts was part*rularlv suzmessful,
ie 1) and 2) had no discernable effect on coﬂtamlnatioh.
This developmgnt was not surprlslnq as impurity qas pick—-up
from the hydrogen regulator probably negated any positiQe

effects of these two metﬁéds. Increasing the sample size

proved to be’ somewhat successful (table. 4.3, although the

- -

results were far from conclusive O reproducible.

The prospect of extreme surfage ScﬂSlthlty being 2

contribution to alloy contamination was also ancStlgatcd.

This idea is not unreasonable since Ir (Fexlri—wiz

. o - 148 =



1ntermetalllus 'are very ‘reétﬁiVe towards. hydrogen | and

therefore may. be- qﬁite' reactiye. towards other -géseg;

- Various commercial bydrogen‘storage'&éteriéls. (LaNig,_fFéTi

-
~

and . Feo.eNio.=2Ti) _weréo tested in the_reaé¢or system to

ceither. demonstratelor rule'out thisrsensitiQity postulate.
Nelther FeTz novr Feo.gT1o-~Ti absorbed measuréble;amounts“pf

hydroqen, even after repeated Ly'llng attumpts. ‘This result

was not -Dmpletely unexperted as 1t is well do-umehted that

FeTlitype storage‘ materials = are 'extremely sehsitive to

: impqr;tiéé in ‘the -hydrogen_ gas {76-78,113,114). "LaNis,

uonversely, presented Mo such problems. Activation was
slﬁwer than u1th Zr(Fe,br;_n)a lntermetallxgs, requlrlnq 48

hours and repeated cyclxng to  achieve full activation.

However, hoth - absorptieon and desorption isotherms were

obtained"‘with relative case (figure  4.3). Again,
un fortunately, nothing conclusive could be drawn from the

above.

Finally, as a personal favour, Dr.

ichael Past of NRC

agreed to conduct some independent tests. & éample, ig
Zr&Fea solro.as)z, was sent to the Division of Chemistry at
thé National Research Council in Ottawa. An absorption andg
desorption isotherm (figurg 4.10) waé obéagnéd for this

material without any diffi;ulty,, showing a maximum capacity

of H/M= 1.03. This capaéity was comparable to that attained

here (H/M= 1.01),,rulihg out ‘any possibility of incorrect



vol dme cé;ibratioﬁ. _fhis;samé  samp1er'wa§ 'also-eipbééa.to
air,'from'thé' NRC _lgbﬁratory, Jaf' a preésqu, sf_iOIIRPa'
icrelgti\'}e humidity o-_f“.a.t.;'out 8O%) ‘fér' fiftesn _minqt;-s.._'
.ﬁgthout' any special ‘?ea&tivﬁtibn'.tréafment‘ (other  -than
;eactor Ehémbgr evaﬁuation)'virtﬁally.full.sorptioncapégity
,(9?22 ;aS‘reali;ed; 'This'reSulé woqld appegr to_'rule oﬁt

material sensitivity as a prime cause of comntamination, as

well as reactor design.

THe source of cdntémination was evgﬁtuéliy-tracéd to
carsnn-ﬁa;ed contaminants " Cparafinni& . hydro;afpbﬁs);
_origfnating fram QatquégFggsé used”as a sealant on o=ring '

‘ gte . _ A .
copnections in tﬁe vacqumléysteﬁ. The poisoning mechanism
_is unkﬁown, hbwe&er, it 'is pdssible that a thin.layer of the
contamin;nt.forms onn the sur face Qf some of ,the ﬁ@wdef
.particles, imactivating sQrface‘ sites. _Althoughn this
_proposed mechanism.is_purely spe:ulative,Jhydfocarban layers
have been observed on. samples duringl HVEH in—sit;

exggrimeqfs. (Fection 4.23). Partial dismanfling of  The

reactor system revealed traces of vacuum grease along the -

~

inside of the walls of the stainless steel fubing. Partial
cleaning of the 5ysfém was undertaken as well as elimination
" of virtually all wvacuum gréase from vacﬁum connections. A

complete cleaning of the-Systeﬁ'was net feasible at this

stage, but would he recommended in any fﬁture_uork.

Subsequentr PCT curve determination “attempts war e
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partially ﬂguccessful._ Bctﬁ 'apsbébtioh"and."désﬁrpﬁion 
' ?s@théfm%, at - ropm  'teﬁpera#Qré, were fébfaihed. ‘%%n
- Ir (Feo.7ulro.zmd= and. -Z\_’.U;‘-Zé'f:':.,ul:‘l"o_‘::).-_;.- These . are “plotted

alfi-,ng. with isotherrﬁs for ir’(réa_aacr;j.‘.a)« in fig{_ure 4.11"._7
‘.Again,z howéver,-fuli 1soth;rms for  higher chromlum contéﬁt
‘_alloys uer? Anﬁt ‘attgznablc.. ThlS B may . be a ‘direct.
consequéﬁce ‘ofl thé"IOQ absorption hressu;eé ;-inVDIYedj

ydrﬁan equlllbrlum pressurcs, “for alloys with %< 0.865, are
below 1Q0 kPFa. ngher pressuve5 ‘probab1y improve the
.possibiiity‘ of - coqverting chrbon—based contamin;ﬁts ‘foﬁ
.méthane gaé. Methahe,‘as an impurity, Hés beeqllshown to be

‘quite harmless in LaNig-H systéms.(?é).

Hystefegis -was?obsefved for all absorpt;on/deéﬁrption
cdrves7obtainéd.' Thi% phenomehom seemns to bé characteristic
of many allny—hydrogen systwms. -Thére is no apparent trend
governing hysteres;s in thgse ps;udoblnary compbqﬁds, 1e
hysteresis~magnitude does n&t appear to be alldy coﬁpoSitioﬁ'
aependent ‘The lack of any deDEHGEﬂuy may 51mply be-due to
variable aliquot sizes during PLT CUrve determlnat1un. 'Park
and Flanagan (SS) have-'reported _hyétere515 ‘td'pe ﬁore"
pronounced for PCT curQeé ldetermined, using small hydr&geﬁ
'aliqgof§ compared to those determined usiﬁg large hydrogen

aliquots. - _ - : o .

_ Reactivation of all contaminated samples was realiced

with little diffiﬁulty. ﬁycling. in hydrogen gas restored C;
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“alloy samples to full capacity,  within  1-3

absorptxon/desorptlon LYLIQS-_ quher pressures enhanued the

‘re;overy prouess." AtDmlg hydrogen at the -surfaug. llkcly.

L4

"reacts with .carbon to form LH4, renderlng“surface .SLtes :

active . for eventual dissociation of H=. As Jrentioned

previnusly, this mééhaniém is purely specdiatidh at this

~

.point.

',_ Al though _&szﬁ_curcg determination attempts were

successful  in only some instances, alloy comparisons  <owld

n';étill be made by plotting absorption, equilibrium pressures

“and hydrogen capaczities (in terms af H/M ratios) vs. ‘alley

-omposition Cfiqure'4.12). Hére,'equilibrium‘ pressurés are

" an indirectr-means of measuring stability and were deduced as

thpse presSures-correspond;ng ta uapanltles of SOZ; a2f the
méwiﬁum hydro 2gen capacities. Equilibrium Pressures were
plﬁtted as naturaL logarithms, since H is proﬁoftional to
lnP-q. It is’ qulte chdrﬂt that hydrzde stab111ty decreases
(or equilibrium lpressyre increases) with increasing Fe
subéfit&fion for® Zr. This t}end, . which is linear, was
expected aﬁd is dzsuussed in ;“ﬂSldeYable deta11 in Chapter
S of this thesis. Hydrogen &apacity, intereéting;y'enough,
remalns és%enti#lly constant (H/M= 1.0}.'until. ©“> 0.735,
wher eupon it drops’%ubstaﬁtialfy. Capaéitigs at~higher oy
levels are lower than those qubted_ in the ’literéture

C38,1605. This data is also  shawn in figure 4,12, Lower
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 capacities may be a direct consequence of the;second phase |
ie Zrog{ present ~ in all :.ZrCFe,Df;,,)gg int&rmgtaliics1

Stidied. The presence of ZrOz increases with increasing Cr

'-

content,;efféctively-rémoving erfrom-the hydr@gen aEsorbing

Laves - phase. - Chromium and/@r iron. likely replace lost
zirconium-in the lattice. - The tetrahedral interstitial
»siteéj associated with these Cr and/or Fe substitutéd er

-poéitions are - then coﬁvertéd'from AZE2 ts'ABS or. ABS to B

sites, resulting ih_rredu;ed"interétiti;e 'si£e and réduced
af?iﬁitnyowards hydrogen and subsequent . lower hydrogen

-capacities. ' SR S ' ' ; ‘ .



4.23) Hydride Crystallography -

All»-"‘fo#ékaxfn3;-i - samples - . ‘were _cycled 
Chydr_ide-‘d/déh)“{dri‘dedﬁ: at least 20 times before final rem-:\val. .
'frpm fhe‘?e#cfof:chamber.' Dehydrided Qédders'uer; analyied
by . %{ray'_dff?ractﬁan._.'mo:‘ giéns ' of icryétallographic“

degradaticn were evident im  any “of the intermetallics

a? -

studied. A':typical x-ray .pattern for zrcF&;.:ser.7§5=
qaftek.zo'compietéd.:yclgé is shown in figure 4.13.
. _ .
In some -.inétancgs,- th% - hydriding  process ‘was
intérruptéq‘and partiallf"hfdrided' sampleé_we?g‘gémovéd and
sub jected to x—}ay analysis. ,This tyﬁe‘ DT__proceduée.'wés
limited tao highgr'C% alloys (# 0.657, ie. intermgfaiiic;
with plateau ﬁressurés ‘Eonsiderably lower'.than 100 kPa,
ﬁermitfing .anaiysiS' with "little of' T hydrogen losé.
Diffractioﬁ pattérns for erFe¢;4=Cr°.=§)= are shown  in
.figqre 4.14, in the unhydriﬂedrcpndition and at various
hydrogen concentrations  (H/M= 0.2 and ‘0.2 . A nﬁmber o f
observations can be made from this figure._‘First of all, it
is quite evident that a distinct hydride .phase is formed.
_It had been . previously speculated that hydrogen went  in
aolid-gsolution only . on absorpti?n {198). The hydride phase
has the samg crystal structure as the parent ,compound,\‘ie
hexagonal, and the x-ray beaks increase' in intensity with

increasing hydrogen concentration. At H/M= 0.3, tw> phases

|
|_.r
n
i
|



iy

"

.'are shown} 'wlth the orlqznal alloy phase predomznat1ng. At .

”HfM=--O.9 '-the orlglnal alloy phase all bqt dzsappeafs,

—

'1nd1nat1nq almost complete transformatlon tﬁ- the  hydride.
The alloy phase, in the 'partlally 'hydrzdea' cénditi&p, 'is‘
autually a dllute SDlld solution phase o f-hydrogen. .This is
demonstrated in fzgure 4.14 by fa_ sllqht Shlft of the. pwaks
'té.Lerr aﬁgles - due tp a- minar increase Iin the lattice
parametefé.' |

CryétallbgrébhiC‘data for ;rCFé?;;=Cr¢_;g)=;-as'yeil as
otﬁgr -Z?CF&,Cr;;g)g iﬁte;ﬁetﬁllics? i§ given iﬁ tahle 4o,

In. all imstances, hydriding results in- a large volume

: empansion,';e of the order of 20%, which is responsible for.

sample disintegration. ;é

Froblems wer encountered during in-situ hydriding

14

| studies  of Zr (Feulri—xl= intermetallics. Attempted

hydriding of all Tdehydrided poudefs proved to be
untsuccessful.  In-situ hydriding difficulties have alsd been
Yeprtrd for Labos and Laii 0345y Kenik et al 21 . A

contamination layer {priobably hydrﬁ-arbun~related) formed -on

" the surface Cfiguré 4.19), preventing ‘cither the adsorption

of Hz gas or dissociation of hydr Jgen moluuulws. Cycling‘in
hydrogenr gas f(ie repeated heating to 350°C followed . by
conling to room temperature) did not. FemDVE this layer, and

therefore alloy pavtic1e5 remained impervious ‘&2  hydrogen

absorption.
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:In—situ-dehydridihg-of powdered-,samples ‘yielded;-mbre

' posifive.resg;ts. .A.sﬁecifid-Zr(Feg;.=Cro_==)=jparticle was

"monitorediin the microscppe.:‘ This particle was typical of.
‘ZrﬁFemCr;—u)g'- intermetallics, and, in - fact, .other
intermetallics, ég[' LaNi=Cos and LaCoo C210,211).- The

ﬁ;trpstutture is devoid of any nptéwp;thy fg@tﬁrgs, -éxéept
for. the p;eseﬁce of bend contours  (figure 4.1€). The SAD
pat?erﬁr fo} this sémple,' is- shawn  in’ fiéuré - 4,18, and
VEprééénts a majo? crystallographic_ diféction, i; the\tOlOJ
:one‘agis.

Hgating of 'éhg Apérticlé £t  about 2390°C, under a
hydrogen p}essgfe af. abouﬁ‘ 1$‘k§a, resulted in dehy#riding"
of absorﬁed hydrﬁgen. "Thé‘ rabia nature of the dehyd?iding
reaction méae . it impossible to halt the p%oce;s'.fbr
S examination of fhe particle 1in .the"pértially deHyd?;ded
conditioh.. The 'only indization  that  dehydriding was
occurring, éppeared in the for; of bend cbﬂtours sweeplng
across the sﬁrface.f Verificatidn of this -déhydriding
reaction was only made -several weeks later, duriég
diffraction pattern calculations. fhe fact that there are
no real stuctural ;hanges during absorpfion or des%rption,

other than volume related changes, provides supportithat the

. hydride phase is indeed an interstitial phase.

-

Diffraction  patterns  for this  Zr(Feo.+zCro.==)=

- ]_56_



‘partlule are shown in fzgure 4i1§, in both‘ the hydrided and.

dehydrlded condxt:ons.ﬂ The lattic planes are' identi fied

-

nd the or1entat10ns are dhe same (EOlO] dlreutzon). The

-patterns appear to be Ldentical, although measurements

reveal about a'S.SA dxfferénce in  the ,5eparation_‘befween'

like pianes. © Separations are larger in the dehydrided.

diffrattidn'pattern. -éiﬁce an eiectroﬁ‘diffraction pattern
is nothihg‘more than an image of the frecipfocal lattice, an
increase in  the interplana?: spétingi in reciprocal space

represents a decrease in  the d spa;zng ln real spaue. In

other wotds;.the'lattice . 1s reduced durlng dehydrldlnq by"

about S5.3% in the ¢ direction, thch is qulte uomparable to
the x-ray results presented earlier in this section (table
4.4,

4.24) Sloping Plateau Pressures

Sloping plateau pressures  were observed  for all

Zr (Fa Cri—x)z= intermetallics, for wWwhich PCT curves were

determined <(figures 4.6,%4.7 and 4.112. This phenomenom has

been reported for other bseudbbinary caonpounds (Section

2.26)‘lC184,189,190,192,198,199,200,203), and in some Cases

is attributed to Lomp051t10nal inhomogeneity (184, 1320,

However, vacuum annealing of Zr(Fee. rulro.=ol= (at S00°C for

24 hours) had no marked effect on the PCT curve (figure
4.i8). .The annealed sample’s isotherm wasji-essentially

identical to the isotherm for the as--ast sample, although
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the hydrogen capacity was ‘reduced in the annealed ”case.

This "was pFobably a <Eesu1t of oxygen occlusion during

annéaling, due to the;’high tempe?aturés involved and a

gomewhat less than perfect vacuum.

Qates and Flanagan (209) - have presented possible
: o .

explamations fdr'sldping plateéuskin a;loy—hydrogeh 'systems'

(Section’ 2.26). They favour the lo&al'(intgrfacial) model,
which allows for localized metal- atom mﬂvemght. T In this

‘model, hydrogen concentration in the bulk phases, i¢ the

solid solution phase and the hydride phase, is® said. to-

increase on moving across  the plateauw from- low  to high
hydrogen concentrations. The hydrogen potential would,
therefore, increase with increasing absorption, which could

only be realized'by a sloping platead.

@

It seems guite reasonable that if the hydride phase 1is

. S . .
changing in composition as  hydrogen concentration is
increased, then this cHﬁnge should be detectable by x-ray

diffractior techniques. — IriFea.2sCro. =)= and

o oel s samples, chasen bezause of their
high hydride stabilities, were hydfided to
levels (ie various positions along the two=phase
plateau). . X-ray diffraction analysis of selected samples
followed, and the resultant diffraction_patterns are shown
iéafigures 4.19 and 94.20. The additieonal peak at 94.5<

app=ars to be inherent in the x-ray system. It is probably
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alreéﬁiﬁ of‘ﬁésal{gnmgﬁf;-.hbﬁeyer; cdintidéhféily'ahd'duitei.
‘;onveﬁigntlg'it-seryé;_as -é 'sfanaardl‘fbf:ﬁéak,@qmpafisdﬂ.
*it‘iéievgdéﬁf'thé£'hyq%ide peaks are shiftéd to lowsr angles
as hydfpgen cgnceﬁtf@tionmgﬂ7M)'is iﬁcréaséd,:indicating :af.
_siight.incréase.'inhhydride.latfigé ﬁa&ametgrs{ It is quite
-possiSie"thaf- the'lsoiid Sﬁlufion phase_‘ié changing. in
compbsifion as well.,: Howevér, Beéause of.fhe‘iou hydroéen
- 9o1ﬁbi1i£y_tH/m<  0;13,'this;dhangé likely is nbtldetectable

' o
by means of x-ray diffraction.

-

The"ébove experimental réshlts; D¥ Eourse,‘ da  not
confirm Flanagan and Oates’ model,h but do écknouledge its
viability. 1In thé_local - Cinterfacial)® éduilibvium @odel,
sloﬁing plateéus, in a .nﬁn—stoichiometric ABzwx Compound,

are explained by a mechanism which requires only inter facial

reglion metal atom reorganization. At aﬁy point in thé
two—phase region, the Hydrogen potential isg unifprm
throughout the sample (figure 4.21) tie ali of the
toexistingl compositions lie on the same tie line or

extensions of the tie lines); but only at the phase boundary
are metal atom potentials egual. Bulk A/B stoichiometries

are maintained in both the solid solution phase and  the

hydride phase, through the fwo—phase plateau region.
Inter facial compositions do  vary, however, across the
plateau. Interfacial hydride B composition  (Ia) is lower

than in the bulk hydride (B), although this differential



- [

”~

.dgcreases with incféésingrhyﬁrogen until, at the end o{_ the
plateau, In=Bp. Fﬁr the solid solution phase, B compoéition
;nFthe bulk (Be)> equals that in the interfacial region (Iasd,.
but Ie increases relative to Bs as hydrogeh content iis'
increased, and reaches a maximum ét.the'end of the pIatéau;
glthﬁugh bﬁlk A/B cmmposiiions' remain fconstant, hydrogen
cancéntrat;on in the bulk phases increases as more of  the
hydride phase 1s formed (figure <.21). This <can only be
‘ feali:éd by an increage, in  the hyd?ogen patential and

results iﬁ a sloping plateau.

Lozalized Tetal‘atoh exchange has also peen propased
for the LaNis-H system (8Q). This exchange is believed to be
induced by .the_tendenmy tm increase La interaction with
hydrogen (ie the driviﬁg force for the formation Ef LaHz is
quite high?. It may alsa be induced by strain and/or
increasing disiocation density. Large scale metal atom
movement is not  feasable becduse of the relatively 1ow
temperatures  involved. This type of mechanism may be
operable in Zr(Feu.lri-uJdz intermetallics (asruell as- other
pseudobﬁnary sompounds), since the driving force for ZrHz

formation is high and strain induced effects are marked.
4.25) Comparison with a Commercial Storage Compound

O0f the Zr(Feulri—<d= intermetallics investigated,

Zr(Fea.»=lra.==)= exhibited the best woverall hydrogen



storage properties. .Hydfogen capacity and hydride stability
were calculated as H/M= 1.0.and AH= —-25+—1 kJ/mol Hz
respectively. On heating, éil absorbed hydrogen wag> ’
desorbed at temperatures below 110°C. Activation in the
initial cycle required no specidl treafment and was
completed within minutes of exposﬁre to hydrogen gas.
Zr (Feo. »alro.=s)=,” by virtue of the fact that PCT curves
_ were determinable, also dehonstrated the best resistance to
reactor contaminants. Nét least of all;_beCause of the high
Fe content, Zr(Feo.7»aCro.2ml= was one of the most

inexpensive intermetallics investigated.

As a . means of comparison, the best commércial hydrogen
sto}age material (inm this author’s opinion), ie LaNis, was
tested in the hydriding/dehydriding apparatus.. LaNig
required repeated cycliné for up to %8 hours to activate
fully. This ;si in contrast to ZriFeoc.rmlfro.=zsldz which
absorbed hydrogen virtually immediately. Once activated‘PCT
curves were obtained with 1little difficulty Cfigﬁré .92
Absorption and desorpticon | isotherms for LaNig and
Zr(Feo.>sCro.as=)= ére shown in figure 4,22, Hydrogen

capacities for the two hydrogen storage materials are

comparable, although storage capacity is slightly higher fo
Zr (Feo.7»=lro.20l=. LaNis, however, shows a flat plateau at
room temperature in contrast.to the inclined plateau of

Zr(Fea. »ubro.2=)=. This is an advantage technologically, as
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a flat plateau .pérmits a - constant delivery pressure. i

Hysterysis effects in both cases are relatzv=1y small and

again are comparable in mggn;tude. S All in all, 1nﬂterms of
thermodynamic properties;er(Feq;7=Cr§;==): comparés quité'
favourably with LaNis.

leltrdﬁklﬂetlu studles were undertaken fqi both of the

-

above . compounds. As discussed in- Seftzon 3.13, lsothermal
/- N o ) . - =
HdlthﬂS were not maintained, buﬁ’experimentél condigions
- were;essent;ally 1dgnt1ca}. 'Ab:orptlnn plnts ve. time, for
b v/‘ o n ) _ ‘b
the tenth Hhydriding cycle, were sbtained Tor both LaNis and
. K K i

7r (Feo. yulro.=s)= at 20°C. These plots are shown in figure
$.232. In both instanges, the initial pverpressure was 1400

+-S0. kPa and specimen sizes were in the 15-20 gram range.

it is evident that absorption rates are faster for
Ir(Féo.rore.=sl=, ie 30ZL of the full capafity was reached

within juét over §80 seconds, compared to about 74'00' seconds "

-

for LaNis. Actually, the difference in reaction rates is

probably somewhat greater than that demonstga%ed in figure
- a - . . .

A

+.23. \Siqge the absorption g plateau pressure for

IréFeo_7=Crg_=$J= is 'variable and ‘higher than the plateau
; .

. L. . & A\ ; .

for LaNim, the driving force for absorption, ie AP where AF=

Po—Faqy While Fe is the initial overpressuré‘and Fea 15 the’

¥

equilibriwm pressure, iz lower for Ir(Fes.->oro.zs)z. ~

The difference in redction rates may simply be relatéd

. - . N N ' ~ &y ) . ‘
to particle sizes. Farticle size measurements were made of
- . '

o o .

- P ot a -



 qehy¢+;aed LaNiB'aﬁa }zféré°-7=CroQ==>g'.samples.‘Cafter 10
comélgté-”absorb£ion/desbrb€§;n'cyclessg 'fﬁe mean .pgfficle
iength% for LaNis and -Zr(Feo;7=Cr§_=;igl wey e 23.6 microns
and 9.§.rmicrons reépéctivel&iw.wifh: respetfiye standa%d
'dgviations of 1555' and - 4.3 _ hitfqns;'-1'Rep?esentqtive
miﬁ;ographs for both rsémples arezsthh in 'figgrq 4,24,
 Smal;e;-partic1e sSize corresponds .#b-allarger surfaee area

per volume ratio and, hence,  more surface sites available

for catalytié dissociation of Ha.. .

Particle sizes were measured for other Ir (Feunlri—xi=
intermetallics as well, yielding similar results. Farticle

disintegration with, cycling is rapid and is essentialiy

-

complete within 6-3 cycles. Size distribution plots for
Ir (Feo.amlro.a=)=, wWhich is typical' of these p%eudobinary
combodhds,'are shown in figure 4.25. By the ninth cycle,

particle lengths have saturated at an average value of abaut

10 microns. = Measurements for c additional cycles reveal
. T K- - !

1ittle change in mean lengths, however, the amount of

ccatter is reduced considerably (figqure <%.23). FParticle
lengths, for. other Ir{Fe.lra-.Jd= compounds, are shown in
-table <.5. In all cases, sizes are of the order of &—10

microns.

4.3} Summary :

~

. 1) Ir(Fe.Cra—.)= intermetallics, with the exceptidn of

o«



Ir (Feo.molre.»s)=z and Zrilr=, absorb hydrogen'in the initial

sorption cy:-le, with no special activation téeatmeht.

2) - Hydride . stabilities,. for Zr (Fenlri—wdz
intermetallics; de;rease with increasing Fe substitution for

Cr. Hydrogen  capacities also decrease with increasing %,

although less dramatically.

o) Reactor confaminétioh (primarily hydfocarbon
related) adversely affects "hydroéen ‘absorption - in
Zr (Fealrai—wd= pseuddbinary Lcompounds. However, poisoned

Sampfis can be reactivated by cycling in hydrogen gas.

4) On hydrogen absorption, a distinct hydride phase is
formed._‘This phaée'fs an interstitial phase and has the
same zrystal étructure as the original parent compound.

Volume expansions, of the order of 20%, are not uncommon

during hYdriding.

5) Hydrogen composition in the hydride phase increases
as more of the hydride phase is formed,'in the twa—phase
plateau'region. This may be due £o interfacial metal atom

movemnent, and may alse be responsible for observed sloping

plateau pressures.

6) Zr(Feo.»slre.=cl=, as a hydrogen storage material,
compares quite favourably to LaNig, in terms of hydrogen

capacity, reaction kinetics and thermodynamics. In fact,



absorption rates, which appear

particle - size,

ZrCFed.;quo.zc)z-

are

&onsiderably

~ 165 -

to be related to

' higher

sample

- far
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Table 4.1

Pressure-Temperature calibration Data

LOW PRESSURE

_ - _
Test Po(k-a) nHz(moles?
1 152 2.17x1072  10.82 3900
2 201 2. gex10~2  10.49 3870
3 240 3.40x10”% " 10:86 3800
'_ iverage: 10.72 3860
> = n(10.72T + 3860)
HIGH PRESSURE
Test P (kra) n.. (moles) A B
o] H2 )
1 1632 2.42x10"F  13.30 3045
2 2137 12.97x10”%  13.60 3044
3 1227 1.77x1077  13.13. 3009
4 2519 3.59%x10"F  14.40 2380
Average:  13.60  3000.
D = n(13.60T + 3000)
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'Pabi.e 4, 2

Da.rt:.al Molal Thermodvnam:.c Ouanta.t::.es Calculated
. Frcm Van t Hoff Plots R

Zx(Fey 95C% 2502

a/m | T - %ngl 1B - xeg 1* | 5y - sz 1*
: (kJ/mol E,) (kJ/mol E,)  |(J/K/mol Ej)
0.1 -23.9 '1.98 - |  =88.3
0.2 -23.7 2.37 3 -89.0
0.3 -24.2 2.68 -91.7
0.4 AN -25.6 - 2.94 1. -97.4
0.5 -24.4 3.19 -94.2
0.6 |  -24.1 3.43 © -94.0
0.7 -25.3 3.82 -99.4
0.8 -27.7 - 4.62 -110.3
.Zr.(l-"eo_.J,Cro.:,’)2 S
B/ | (E - %Hgél [EH-—;%ngl* 'réﬁ.—_asgzl*
{(kJ/mol HZ) ( kJ/Mol HZ). (3/X/mol H-z)
0.1 -24.5 ~ 1.67 -89.3
0.2 -28.0 - 2.10 -102.7
03 | . -28.6 2.43 ~105.9
0.4 -28.3 . 2.64 -105.6
0.5 -28.9 2.87 | . -108.4
0.6 -29.7 T 3.32 -112.7
0.7 . —25.2 3.99 - 99.6

£ at 20°cC.
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mable 4.3

The Effect of Sample Size on Poisoning -

X wt(g) |Reduced Capacity | Full Capacity |  Percent o<
: . ‘ - (BE/M) - {B/M) Full Capacity
0.45| 7.365 0.250 1.0 - 25.0
19.562 0.497 ) 49,7
0.55, 5.291 0.650 1.0 65.0
23.481 9.702 - 76.2
'0.65] 4.930 0.770 1.0 77.9
5.145 n.416 ‘ 41.6
0.70 | 6.580 0.770 - 0.950 o8l.l
4.891 0.950 0.950 100
22.305 0.764 74.1
0.75{ 4.9%0 |+ 1.03 1.03 -100
i @ 0-783 73.1
5.633 ®0.573 55.6
20.095 0.920 0.320% 100
0.80 | 5.111 0.816 0.850 96.90
20.637 0.840 98.8

* Deuterium Cas
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Figure 4.1 Schematic drawing anéd photogranh oI the
hvdridina/dehyvdriding apnaratus. .
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Figqure 4.4 Micrograph of SEM magnification calibration
- grids.



PERCENT OF FULL CAPACITY

b 175

200 : 400 600
Figure 4.5 Absorption rate plot for Zr(Ffe, ,.Cr, ,:)o
in the initial hvdrogen absorption cyvcle
(20°C) .
il
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Figure 4.11 ©2CT cutves for x = 0.45, 0.75 and 0.80, at

20°cC.
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Figure 4.12 Plots of hvdrogen capacity vs. x (Ml -

(178), @ - this work) and plateau pressure
vs. x (4 -~ from this work).
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Fiqure 4.13 X-rav diffraction patterns for Zr(Fe _zéCrO -5) 2
after 20 complefe hvdriding/dehyvdriding cycles.-
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Tigure 4.14 X-ray diffraction patterns for 2z (Feqg. 43
Crg 55) : a) in the as-—cast condition,

b) partiallv hyvdrided (E/M
almost fully hydrided (/M

0.3} and c}.
0.9).
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ure 4.15

“

HVEM micrograph of a Zr(Fepy ,=Crg 55)2

particle showing a contamination layer
along the edges.



Figuie 4.16

185 : o .

> : -

HVEM miérog;aphs of a hvdrided Zr(Fey ,-

Cr =)
"0.55'2

Also shown is the indexed diffraction

pattern Zfor this particle ([OlO]Adirection).

particle , showing bend contours.



(b}

Figure 4.17 Indexed SAD natterns of a Ir(Fe, ,:CI, 550 5

particle in the a) hvdrided and b) dehvdrided
condition.
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FPigure 4.18 ,
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_Absorption PCT curves for 2 ( eO._‘,SCro_zs)2 =

system (20°C), comparing an annealed sanple
te an as-cast sample. Note, there is no
change in slope of the plateau.
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. t+hé shift of ¢iffracted peaks to.
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the shift of diffracted peaks to
lower angles at higher hycrogen
concentrations.
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ZrifegasCig o5l

SEM microgravhs for LaNi. and Zr(FeO 25"

Ty. 25) 2 ‘showing _‘-.parta.c.:le size glsj

tribution.

r
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CHAPTER S

ELECTRONIC AND STABILITY RELATIONSHIPS

-

5.1) ‘Analytical |
S.11) Crystallographic Relationships

ZrC?e,Dr;_a)ﬁ'aiioys;-in the O(x{o;B Eomposit;an range,
‘c}ystal;iie_‘at .robm ‘tégperature as the hexagonal, C1l<
strﬁcture (Section 3.2). An ideal hexagonal; AB=z lattice has
a =/a ratio of 6843)1(? and a:r;tio of‘the A \atomic ?adiqs
CRA) to tﬁé B atomiC'radius CEB).ofll.EES C163,1é6). The.Ar
atoms are Sﬁrrquﬂded.by 1z B.atéms .at equai_distances and %
'A atoms also  at equgl distancés. Cthough A-B  and " A—A
dist#nceﬁ‘ are not equivalent) (166,1E7). Each B atom i%
surroundéd by & A atoms and & B atoms. Here again, A—E
‘distances are equivalent, . as a}e 'BrB distances.(l&&,lG?)l
The interatomic distances are expressed belgu as _functions

of the a lattice parameter:

where z= 1/16. Any deviation from the ideal =/a wiil alter

the interatomic distances and decrease symmetry.

- 196 -
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For the above pseudobinary compounds, dinteratomic.

distances are obtained by making é couple of simplifying
a o +

assumptions. Firstiy, Fe and Cr atoms ‘are assumed té be -
randomly arranged ;ﬂhé atomic sites. Secondly, Fe—Fe,,thCr'
and Fe—Cr intéfatomic distances are'aséumed to be equal and
equivalent to B-B distances in binary compounds.'-Likewise,
Zr—Fe and Ir-Cr distances are taken as being equal and
equivalent to A-B disténces- in bin;ry "alloys. - These
assumptions are not unteasonable as =/a and RA/RB rati5s inA
these pseudobinaries are véry clﬁsé o ideal values C£é&1e
S.1), and Fe and Cr atoms are similar in size.

S.12) Enthalpy Calculations

Durinj the past decade, Miedema and his colleagues have

developed a simple atomic model Tor  predicting heats  of

formation of bimary alloy phases (172-175). The atomic cells
-

of the tws constituent metals in a binary alloy are assumed

to be identical to the atomic zells of the respective

metals. The heat of formation of a binary alloy is then due
to changes in the boundary conditions  that  arise  at the
sur faces of these dissimilar, Wigner-Seitz cells. There.aré

essentially two contributions to the heat of formation:

1) There is a discontinuity in  the eleciron density,

- -

niws), at the boundary of two different cells. This

discontinuity has to be removed, and the removal leads to a



positivé cbhtribufﬁon‘to‘ fhe energy,ofvai;oying;”since'the
otiginéi'cﬁargé dehsities'ét.the 'cellr bpundariesr of. pure
.metéls..COrrespond to ‘tﬁe‘ energy minima'.for each. ‘Thé
;Contribﬁtion'is proportiséai_tﬁ LACn{ws)) 2212, The élecfron
‘-”denéity, éf.the:ceii.bounda?y;;is proportional toc the bulk
@mdﬁlgs,' B; éivided Eg fhe' molar valume, WV, and ig

éonsiderably-leés than the average density in the cell.

2) There _is a chemizal potential difference at the

Ebuﬁaaky oF  twe . dissiﬁilér'.cells. Because the chemiﬁal

poteﬁtigi zannot lvary‘-fhrough the alloy, there is a
ﬂ;&bsgquént chéréé transfer, lresulting_ }n' a _negative
" contribution ,‘fq Cthe - enthalpy o2f. formation. This

‘contribution is proportional to CAn#t), where ix is a ’best

T

fit! work function parameter.

MThexenthalpy.of formation for a2 binary cah‘ be _yritten

ass:

AH/N = f(c=)g PE—eCA%*)z + Q/PANnCws) 2 3)=],

‘g = ZLccAVBI== + Cc(BIVIB)=E"3I/nlws)a™r"3 + nlwsipg—277],

flem) = c(AY=c(BY=[1 + 8Lc(A)™cz (B)==],

‘e ig the electronic charge, N is Avogadro’s number and P and

G are constants. .



R

— 'Tﬁe‘fCEQ)-paréméfﬁr is'.a"symméfriﬁal_ function ofjtﬁe
. surface cbncenf?at;ohs - of metals A and B. Surface.

concentrations are calculated as follows:

clAd= = c(AVAIT/B/Lc(MVBI=/T + c(B)V(BI=-21,

where c(A) and c(B) are the metal cbncentratians and 1vc&5
and V(B) . are the respecfive',mclaf volumes. Sur face
soncentrations are relevaht here, hecéuse.ehergy'effects are

due to cell_bouﬂdary contacts.

- -

The g parameter repfesents é weakly varying fgnction of
niws), V and‘tﬁe atomi; cqpcentra£ions of' the two metals.
The numerator accduntsnfor the propartionality between the
energy and the total contast  area between diséimilar
metals. The denominator represents the width of the
electric dipole . layer} which 1s 'related to electron
densities.

'Miedemg’s model © has been modified slightly to
accommodate Zr (Fe lri-w’?= pseudobinary compoundé; Her e, Fe.
and Cr are considered collectively as the B elemgnt (with Zr
as the A element). .This simplification is justified by the
approximate gquivalence of electraon densities,. work

functions and. molar volumes of the tws elements (table S.20.

Assuming random distribution of Fe and Cr on B atomic

sites, the following modifications are proposed:



agk = Txfk(Fed + (1-x)$k(Cr)T — $x(Zr),

[an(ws) /3] = [xn(WwsS)pa +

(l—xJnCws)c;J*’5 - Nlwsg)z, >

and

qQ = 2LCCZrIVIZrI=sD 4 c(Fe)V(Fe)=/3 + c(Cr)V(Cr)=/21/

TN(Wws) 2r—373 + [xn(WS) et (1=x)n(WS)ar I=2-21,

Hydride stabilities are calculéted using the rule of
reversed stability (Sectionm 2.14) (47,485.,Thi5;ru1e states
that the more stable the original binary compﬁund, the 1g55
stabler the resulting - ternary hydridé. & | schematic
representation aof fhis rule is sha@n in figure Z2.35. In the
alloy, AB,., on hydriding, contacts between A and B  atoms,
responsible for the heat of formation of thef.original
compound, are lost. New coﬁtacts between A .and H and B and
H result, which are responsible for the heat of formation of
the ternary hydride. Energetically, . the hydride is
equivalent to a mé;hanidgl mixture of twd imaginary, binary
. hydrides, AHm and'EnHm. Hydrogen'i5 assumed £o be divided
equally between A agoms and B atoms, and all contact between

A and B is assumed to be lost.

Mathematically, the rule of reversed stability 1is

expressed as:



B AHC(AB.Hzm) = AHCAHL) + aH(B,Hw) '

AT
. -

It is the last terh, ie the heat of. formation of the
oriqinal binary compound, that has the greatest gffect on
the stability of the hydride formed. As the original alloy

stability increases, “this fterm becomes more positiye,"

thér&by lowering the heat of formation of the hydride.
. .

Again,‘for the pseudogiharies studied here, both Cr_éhd"

Fe are grooped together as the B element, for -reasoﬁs

described previously. The above equation then becomes: - -
AHCZrCFe,Dr;-,):Hzm] = aHLZrHL] +
AHE{:F&'_\.C\";—,‘)szJ - ' ~:

AHLZr (Fe lri—cwuxd.
S.12) Electron—-to—Atom Ratios

Fumball (1&7) has demonstrated a technigue Fior

: ¢ . ,
determining electron—to—atom (E/AD rétias-for binary Laves
phases. This technique is expanded 1In an  effort to
calzulate E/A ratios far Zr(Fe;Drl_,Dz pseudobinéry -Laves
phaées., Rumball’s analysis is- based Upsh- ﬁéﬁiing;s

empirical equation for predicting bond distanczes in .covalent

and metallic . .compounds (212,213):

RC1Y — RCn) = 0.30 lag n,

I
v
O
1=
b



-

'?y;fg‘“; . _where n is the bond number and is equal to the valency (V)

"-divided by the. co—ordination number CN); while RCi)‘and_RCn)

are . the atomic radii- for bond  numbers 1 and n,

-~Tréspectivelyf Since

then,

, . Vo= N exp [R(1I-R(NII/0.13.

. R S - -
Far the pseudobinaries in question, .each Zr atom has 12 Fe
and/or Cr atoms and 4 Zr atoms as neidhbours. Consequently,

. the average E/A ratio for Zr ist
S

V(Zr) = 12Cx explR{L,Zr-Fed - Rin,Zr-F&)1/0.13 +
(1—m)e£p[9(1,2r+¢r> ~ B(n,Zr-Cr)l/0.131 + 4e2pERC1,Zr—Zr) -

FR(n, Zr=Zr21/0.13.

+

Each Fe or Cr atom has 12 neighbours, ie & Zr atoms and & Fe

T .
i and/or Cr  atoms. The average valencies for Fe and Cr are
then:
- ViFey = & lexplR(l,Zr—-Fe) = R(n,Ir-F=)1/0.13 +
- #explR(1,Fe=Fe) = R(n,Fe-Fe)l1/0.138 + (l-w)explR(l,Fe=Cr)
S e ~ Rin,Fe-Cr)3/0.131

ViCrd> = & [explR(l,Ir-Cr) = Rin,Ir—-Cr)1/0.13 +

-2C2 -



xexpER(l,Fe—Cr) - RCn,?e—Cr)]/O.13 + (1-x)expER(1,Cr—Cr)
4 : - R(n,Cr=Cr)3/0.131. o
. ) :

_ The-single bond radii have been calculated by Péuling'

(211D and ére listed in table S.3. The bond radii for -

'nﬁh—order bonds are determined by dividing the interétomic

distances of each bond in question by two.

-~

5.2) Results and Discussions

Ca}culated alloy and_hydride Eeats of formation are
given in table 5.4 and plotted against composition in figure
S.1. alloy stability iﬁcreases as x“CFe contentD increéses,
and, -+<in fact, closely approximates a straight lide
interpolation between .Zriorn  and - ZrFex 'enthalpies. These
alloy heats of formatiﬁn are substi;uted into the rule of
reversed stability equation (ie the negative term), while
bimary hydride stabilities are ‘either selected from
available experimental data or estimated by interpolating
between the expe}imental, binary hydride e=nthalpies (table
S.3). Aithaugh this approximation is probably an
oversimplification in the B metal hydride case, the error is
minmimal because of the small contribution of this hydride fo
the heat of formation. Also; zalculated hydride.stabilities

do compare gquite well with available, experimental heats of

formaticon, (table 5.4 and figure S5.1). Experimental,
quantities are determined sither in Section <.21 of this
- €03 _



‘thesis or from‘the"literature (28,178). As-predicted from
the rule of reversed stability, hydride-stabilities decrease
as élloy stabiiity increases. . This is clearly demonstrated

in the enthalpy vé.' comppsition plots in figure 5.1.

‘Calculated E/A ratios are shown in table S.5. Note that

averag

(54

E/A ratios increase. in_mégnitude with increasing =
ar Fe-substitgtion, and in particular that ViZry in  all
. cases is greéter than the'nofﬁdlly accepted valén?y af ;.
.RBumball (1&7> hés reporied similar resurts_far binary Laves
phases, ie Zr vélen;iés‘greater tham 4, and attributes thmss
to electron -transfer from the B element (Fe and/or Sr) to
the A element (Zv in. this easeﬁ. CIn fagf, electron
Y?Eﬂ%fer,rif-therg is any,-_shou}d dTour from the A élemeﬁt
. . . .

(Zr), which is more electropositive ,  to the B element (Fe

or Cri, which is more electonegative.

More importantly, howeaver, a fundamental guestiaon
 arises‘ in Rumball®s interpretation of Fauling’s band
distance eqguation.  Electron—to—-atom ratios calculated f}om
this equation represent valencies pricr to alloying and not
electron concentrations after alloying. Hence, Zr valencies

greater than 4, as calculated here and by Rumball (1675, are

both unreasonable and unacceptable.

The sclution, I believe, lies in the single bond radii

for mixed bonds, eg. R(1,A-B). Fumball has calculated these



i F .

. guantities by summing "the atomic . radii for A ‘and B and

-

diyidihg;by two; for examplé,-_-‘ o ' o ST

RC(1,Zr-Cr) = cRé1,;é>+Rc;,Cr>ﬁ/2. o
-éecause~.ofithé'electroqégaéivity‘d;ffefence ﬁétween Z} and
Cr, an additiénal_term is ﬁecéssary ‘te aceounf: %ar'_bond
length shortening caused by charge frgnsfer from Zr_mto Dr:
Possib1§ firsf approximatiohs, fo?_thé‘miged‘ éingle -band
radius, c$nfthen be 'ggﬁresaéd_ by ,reiétioﬁéhips'simiiérléb

the following:

n..

R(I,A=ED [RCL, A +R(L, B)1/2 = C/AX/,

ar
R(1,A-B). = [RCL,A)+R(1,B11/2 - D/AF/, -

where X i; tﬁelelectronegativity.différeﬁce,ﬂé.;s thef work
function Eifferénce‘.and C and D are'. prnportiqﬁélity
constants. This type of eqqation hés .beén.'put forth 'py )
Pauling (212) for elements of the secén@’ﬁeriod.“ Paulihé
elactronegativities and Migdema work function paraméters,.
for elementé of interest, are liséed in table 5.6 Cl7é,ﬁ135.
Intuit%veiy; the wor k 'funétion expreséion‘ appears to-bé:
better suited as' the degree of accurécy_'(in terms of
significant figures) is better.

The electron transfer contribution to the single bond

- 205 -



radius -can; be  calculated for ABx- binary compounds 'by
'assum:ng that Ir valency is 'equal to 4. By rearranging the
equatlon for VCZr), szngle bond radii for mixed bonds -can be

calculated, ie

s

RC1, 2r=B) ‘o 12 1nEVCA)/1“ -

1/aexpEERL1 A-A)~R(n-4, A)]/O 1211 + ecﬁ,a—s;.
Single bond radii for a numbér‘of‘2r3=:compbﬁhd5'CBE'Q;
':Cr, Mn, Fe, C2), ‘as ueil.;;"é éléméﬁt"vgiencieé; are iisted
-rn table 5 7. Valenuzes in all uases"ané 'appr w*mately 4,;
uhith‘gs_not‘unréasohable becaése Qf the variable valenucy of
transition eléménés; | -

Bﬁth prwportlonalztyl gonsténts; .ie O rand‘ b,_ Qar&
-onsidefably from-'element to element léﬂﬁ are even negative
for 'Qénadium. ‘.These rgsults, thgn,iappear' ﬁo invalidaée
eifhev é?ﬁple- égpreﬁsibn} ‘given ab%ve, .for  determining
ﬁixed, éiﬂgle-bpnd radﬁ;. However, if R(i,A—B) is plotte@

far éach B element in figure -35.2, whe%e‘
R(1,A-BY = R(1,A~Bearr — LRC1,80+R(1,B21/2,

Ithen_it is 'qhite“evident-thattthere.méy indeed be a a;rett‘.
and simple relatiohship'%qr.the .sing}e.'bohd- radius ~of  a
mixed bond. RCl‘A—Bj,‘FB; Zrya, is taken as zero, since the
.bond length should not inc?ease'réiafivé tolelementai bond
.radii. Elertronegatlvzty and ‘work- fuﬁc#ion_.Qaluég_do nﬁt

S .
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incréase systematically from V to Co across . the fourth

period, whiéh would explain (at least parfially) such a
large scatter in C and D.

For the pseudobinariy = compounds ‘of interest here,

-

Zr (Feilri—ndz, valencies would not be expected to change

with composition, ‘since valencies for both binary.
intermetallics;, ZrFez and. Zrlr=z, are apprmximately'the same,

'ie-Ver)=4, V(Cr)=4 and VﬁFé)=4.‘Hdwever,.on alloyiﬂg-charge

transfer from ZIr  to Fe cand/or . Cr  would be expected and:

should increase in magnitude with Fe substitution.

Increased o alloy | stabilitg i Wwith increasing Fe
éubstitution for Cr is expected Cés discussed in_previaus
paragraphsy, beﬁause of 1ron’s "higher _électhonegativiﬁy
‘relative to chromium. This leads to inc;easéd charge
‘transfer from Ir to Fe aqd Cr,’ aﬁd the aﬁount has been

guanti fied by'Miedema (173) in the fallowing expression:

Ta = 28f1-cAOF,

where za is the amount of —electron transter from the A
component (Zr in this. case), 43 is the work function
.difference, ca is the concentration of the A component and P

is an empirical constant with a value of 0.85 (eV)~:. Charge

]

transfer from Zr to Cr and Fe in IrCr= and 2Zrfez 1s then

calculated as == 1.40 and 1.72 respectively. - For
ZrﬁFe,Cr;,.)z; cHarge;transfer should then Qary.linearly

r



-

‘with x between these two quantities. Thg'éffgcf of <charge
transfer is demonstrated in figure 5.3 with plots of alloy
- and - 'hydride - stability VS, zirconium a electrdn

-

concentration. o

S.3) Summary

-

1) Valencies in ZIr (Fe lri=wd= are shown -t bhe

approximately equal to 4 for all three components, ie Zr, Fe

and r.

2) Alloy and hydride stabilities demonstrate opposite

tendenzies, as predicted by the rule of reversed stability.

3) Charge transfer from Ir to Fe and/or Or increase
with Fe substitugian, thereby stabilizing the intermetallic

compound and destabilizing the resultant hydride.
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Table 5.1

Belected c¢/a and RA/RB Ratios for '

2r{re Cxry_.J,

x! A Sefa RA/RB
0.80 1.640 | 1.279
' 0.75 1.634 . 1.279 -
0.70 1.638 1 1.278
0.65 1.641 ©1.278
0.55 1.643 1.277
9.50 " 1.632 1,277
0.45 1.639 .. 1.276
0.25°7 1.638 ©1.275
0.00 |- 1.630 1.273




Thermodynamic Data for Selected Elements (175)

. Table 5.2

Element ¢f(v6%t55 '_n(ws)(d.u.)# ?ﬁ2/3fcm?)
2r 3.40 2.69 5.8
e 4,93 - 5.55 3.7

cr 4.65 5.18 3.7

$ 1 diu. = 1oo-kg*cm‘ !

5/2

A
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", .Table 5.3

Single Bond Radii of Selected Elements (213) |

Element  |Single Bond Radius (nmx10)
7z  1.454 |

. Fe 1.174

Cr ) . 1.186
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Figure 5.1 Plots of calculated allov- and hvdride
: enthalries of formation vs. comnosi@on.
Experimental data is also shown (38,178).
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CHAPTER 6
HYDROGEN SITE OCCUPANCY PREDICTIONS
6.1) Analytical

Hydrogen in ABg.and ABa=type intermetallics cam occupy

cany of threge types of tetrahedral interstitiél' sites, ie

AZEZ, ABE and B4 sites. The number and type af these sites
are equivalent for both cubici(tlS) and hexagonal (C14)

Laves phases, and are listed it table 2.5 (Section 2.26 of

the Literature.ﬁevieu). THroth thermodynamis calFulations, |
'Shaléiel,and co—workers (38,39, 181,189 have attempted to
ﬁharaétefﬁ:e hydragen oocupancy in ABx Laves phaées- Thésé
;alcuiationsﬁare.bésed (]3] Miédéma’s model ?or binary ailoy
formation C172—1?55 agd provide a relative means T

Sy *
predicting interstitial site stability towards hydrogen..

Shaltiel et al determine site ooCupancl es by
cansidefing'the relative stabilities of ’imaginary binary
hydrides?’ formed at vériﬁus | tetrahedral sites in  the
lattice. Heats of formation are assigned to eash site in
guestion. These enthalpies CaH™) are. ot  true he;ts of
farmation, but only p?ovide a4 means of comparison.  These
relative enthalpies are calculated by summing heats of

farmation for ~ imaginary binary hydrides farmed by each atom

survrounding the interstice. I+t is assumed that a hydrogen

-



"

_atom in a pa?ficu;arqsite_ié divia;alequaklylghgng tﬁe atoms
Tiﬁmediately surroﬁhdiﬁg‘ ébatl siteﬁ-, Es§en£i$i1y,.H9drhgeﬁ'
should occupy sgteé with the.iouesﬁ AH? values. - The heat of
fowmation Q% the original compound, AH(ARB.Y, 'is p5£ 

Jdncluded in the chpﬁtations.} _  - . o .: R

- The decomposition into'imaginafy‘binafy‘hydridﬁs{.ﬁﬁr.a

ternary hydride (ALB.H,J, is ?Qrmulated below:

1) For a given site hydrogen is divided equally-amoné a
A atoms and b B atoms, ie a hydrogen atom  belongs tn " a
fraction =f a/ca+b) A atems and b/¢a+bd) B atoms -in that

site. - : . ~

) There are z(A)/z<a-b) A ataoms "and  z (B)/z(a-b) E
./'\/
atoms peiiafb site, where z({A), = ¢BY arnd =z (a-b? are the

number of A atoms, the number of B atoms "and the number of
T A

a-b type interstices per formula unit respectively.
. .
S) The binary hydrides formed at a given a-b interstice

are then:

Az cassz cmm=brHgimvr caens +

Brcmssxzca—osHaibs cavosy

where ai is the occupancy - factor for that site and is equal
£o theé overall hydrogen content per foarmula unit divided

z(a-br.

-
- 220 -
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The - H? values for the 3°‘§ypes' of;'rfetrahedral

interstices in ABz compounds are then:

AH? CZr2E2) = AH(ZrHaw:) + 8 H(BzHows),

AH’ (ZrB3) = AH(ZrHm=) +A4 H(BaHsez)i |
AHT (B4) = AH(BzH =).

The binary hydride heats .of formation are calculated using

Miedema’s cellular model for bimnary alloy formation

(172-179) (Section $.12). Shaltiel and coa—workers employ an

rearly version of Miedema’s model (172,173), expressed below:
AH/N = f(2) P el-UHKI= + G/PLAn(ws)=1].

This equation is similar to the improved version,

utilized in Section 3S.13, however, some differences are

evident. First of all, the concentration dependent term
(f(e)) is related to the atomic concentrations of A and B,
and mnot the surface concentrations. Secondly, the g

parameter, which accounts for the total contact area and the
vidth of the dipole layer, 1is absent. ~ Finmally, election

density (n(wsl) dependencze is squared above and fractional

in the modified version. These differences-are primarily
emﬁirical in' nature, angd . yield better quéntitative
enthalpies in the improved case. . It is interesting that

Shaltiel et al chose to employ the early form of Miedema’s

equation when an improved formulation was available.



Miedema et | al (214,215 Haye- made | 5Ubsédg;nt_
modiffcatiané‘ to thgir “cel}Qlar model  'tb _inEorporét§ '
méf@l-gés‘systeﬁs, An empiricalr.hybridiéatibn terﬁ  (&/?),A
:thch isl ne¢§s5ary to séabil}ze allo?s~of trénsifibn metals
. ,with 'honftranéitibﬁ metals;r has been included.’ For
metélfhyd%ﬁgén 'systems R/P= 3.7 V=, Alsa, besause chatgé
trané?er zan be duité substantial iﬂ metal—gas systems, i1e. -
oF is‘large; tﬁe atomic cell volumes may change appréciapl?_
compared to the original Eure metal;Q- A volnme correction . .
to écco@nt fﬁr this charge-fransfer is thén‘neceSSaryf ie

VAl a110y™72 = VIA) puwaT S0 + afo=)/o=(A) (fEa—f¥nd],

-~

where a equals O.14 for mdﬁovalent , Q.10 for divaignt, .07
for trivalent and 0.04 for higher valent metals. Sinée v
and fﬂﬁ-) are interdependent, calculation of. both quantities
rquires iterati?n. For transition metals, a‘fs quite small

ard therefore cCell vaolume ¥ changes in  alloys of  two

transition metals would be minimal.

For metgl—gas systems, an additional term, the
transformafion‘ eneray, i1 the energy required_ to convert
. gaseous,.ﬁolecular hydrogen into  the atp%ic; metallic férm,
has to be included in  enthalpy <alculations. Tﬁis

transformation energy for hydrogen approximates to (213503

AHtPAn- = z(H) 100 P\.T/g'—at.

-



-'The"final .formuLatiDn' »f Miedema’s model is inen

below:

aH = N f(z=)g Pl—ecCAff)= + Q/P(an(ws) 3= + R/F] + AHgramms

The early version =24 Miedema'é eqﬁation-requires mrly
Ewi parameters. to solve for the enthalpy of formation, ie
niwsd and PE. - AN édditional'parametek, ie the molar voluﬁe,

is requivred in Miedema’s improved formulation. @ These three

parameters, for a number transition metals{ are _given in

table €.1. Values for hydrogen are also listed in table 6.1,.

however, $¥ and nlws) are different dgpending (33} thélform o7
ﬁiedgméfs equation A;tili:ed. It is .nbteuorthy that the
parameters utilized in Miedema’s imﬁroved _fﬁrmuiatiah
compare qQuite favourably' with available 'émperiméntal and

theoretical quantities (215).
. 6.2) Results and Discussion

6.21) Enthalpies of Formation in Binary Metal-Hyd}ogen

Systems
Before actually diszsussing the merits - and/ov
shortoomings  of SHaltiel’s model  for predicting site

0ccupéncies for hydrogen, I first examine &he validity of
Miedema’s mogdel for pfedictimg binary hydride enthalpies.
" Calculated heats of formation for a number of transition

-

metal hydrides are shown in table £.32, along with (;xﬁilable

g



experimental qﬁantities. aAgreement between experimental'éﬁa.
calculated data 1is reasonably good  for  both fok&s =f
M;édema’s model, although quantitaéive agréément is better-
for the improved version., It should b; noted. that, althﬁugh
.agreeméht for both. models Huifh‘ experimental enthalpies'is
reasonable, only a 1imited composition range is répresenfeq

in table 6.2 (ie =(H)= 0033 to c(H)= O.E7).

In the mext paragraphs, I digress somewhat  from  the

site wzcupancy topic to  investigate stability in the Zr-H

system._ Study of this system provides a means of comparing
both  forms  of Miedzma’s model over  both dilute and
concentrated hydroéenAcompositians. The Zr—H system was

chosen for essentially two reasons: 1) Zirconium 1s  one ot
the constituent metals of IZr(Feulrai-wd=- intermetallics,
hence Zr—H interactions are of interest to  this work. 22

There has beert an  on going controversy regarding-stability

in the 'Zr—H‘system (T1E-2220. This contraoversy invaolves the
relative stabilities of the Y- (IrH) and d— U(ZrHaled
hédrides. It 18 generally'believed that ZrHi.e is the ‘most
stable hydride 1in the Zr-H system (Z18-222) and ZIrH is a
metastable phas? formed by a martensitic—type shear
transformation; however, there s some experimentél evidence

that ZrH forms from 2ZrHi,.e By means of a peritectoid

reaction (216,217, making it more stable.

Flots of enthalpy of formation vs. consentraticon, for



~

-

bothrforms‘of Miédema’s équation, are shown in  figure E£.1.
Also shown are available experimeﬁtal poiﬁts. Table &.3
lists data at dilute cancentrgtions for both calculéted and
experimental quantities. "Dalcuiated enthalpies using the
improved formulation (curve bﬁ.ﬁ;ompare more favourably with
the limited experimental data, at all concentratggns.

. . "': '-"—\. ~
Agreement at dilute concentrations is not as good, but

considerébly better than Miédema'§ early formulation, none

the less.

Dthef evidence, pointiné to Miedema’s improved equation
being & better repreéentation o f thermodynamics in
metal-hydrogen systems, is discussed in  the . following
paragraphs. At absoluee zera (T= OK) and standard pressure
CS= 101 kPa),'thehheat of formation curves in figure E.1 are

relevant for stability considerations,
a3 = ag® — 1/ZRT 1ln(F/F=)

L=} of

A3 = aHe - Ta8® - 1/2ZRT 1Ind(R/F=).

-

At 0K, the sezond and third terms disapﬁear and the free
energy of formation i1s equivalent to the enthalpy of

formation. By consiructing ftangents from c(H)=1 and aH=0 to

the enthalpy curves, critical compositions for hydride
v\

formation can be determined. The maximum compositions for



the Zr—H_system are c(HY= 1.0 (curve a Df figure 6&.1) and

c(HY)= 0.72 Cfiguré &.2) for ﬁhe‘early and improved versions
of .Miedema’s mbdelc fespectively. Hydride rformation
throughout the entire composﬁtion rahge (predicted ip curQe
8} seems to be highly unlikely, since the most"concentrafed
hydride reported in the literature is the e—hydride at c(H)=

0.70 (figure €.3).

Even at elévated temperatures, curve b appears to
provide a goond description of behaviour in the Zr-H system.
For elevated temperatures, az becomes the important
parameter and an additional term (designated as A) must b;

added' to the enthalpy curve in figure £.2 (214,215,

A= =TaSe = 1/2RT ln(F/FP=),

For metal-hydrogen reactions, the entropy of hydrogen as a
gas 1s essentially lost upon entering the metal and
therefore as an approximatio: ag= —éS J/K/g=—at H. Empiloyving
a similar technique to the one used abovgf critical hydrogen
compositions can be determined . at temperatures greater than
OK. The difference involves dra@ing tangents fram QEHJ=1 and
A instead of from c(H)=1 and aH=0 (figure €.2). The maximum
hydride comﬁosition at room TTemperature (SO0OK) and standard
pressure (101 kFa) is c(HI=0.&%2 (Zer-zzj. At hydrogen
zampositions greater than 0.6%, any hydrides formed are

unstable and will decompase into a hydride of  the ocritical



-

composition and hydrogen gas.

Curve a in figure £.1 Ceariy version of Miedema’s
model ) predicté the most 5tab1e_hydride to occur  at c(H)=
0.5 or the Y-hydride (IrH), whereas éurve b predicts thesd
~hydride (IrH;.e =r ctH)I= 0.62) to be the most stable
hydride. From the arguments presefited above, the improved
version of @ Miedema’s esquation appea?s to better describe
stability " in th; Zr—H system (as well as other
metal -hydrogen systems}. As a result, the 0 —hydride -
ZrHi. e Seemsrfbapg the most stable' hydride; which aérees

» with the view held by the majority of researchers (218-222).

~

;?é;ZZ) Hydrogén~8ite Occupancy .

égéltiéf-aﬁd co—woréers’ 638,39,161?169) site DIzupancy
ﬁ%gdi;tiﬂngiiare based on enthalpy zalzulations using the
"§§€iy:?;?m.of'ﬁiedema's equation. .As demontrated in  the
previous ;edtioh,.Miedema’é original equation yields fairly
.réaéénablé .é;timates =i hydride héa;s of  formation in &
li@ited .campasifion h?é@q&, bgt hardly acsurate encugh . £0
justifj application to quaﬁtitative prédi;tions. AH?T. values

. . . ~ ‘

for AZEZ and ABZ sitfs - in Zrﬁrg and ZrV:,,Eaiculatéd.using
both gquati&ns,-are listed in table 6.4 and plotted against
hydrogenrcohcentraticﬁ in figures 6.4 and &.35. Enthalpy

calculations for Bt sites are not  shown, since they are

mever occupied. Shaltiel’s caleoculations  (solid  curves in
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figures 6.4 and 6.5) predict A2B2 site occupatiaon  in ZriCra
and ZrV= up to hydrogen concentr?tions of 2.9 and 2.5
respectively. At higﬁer' concentrafions competition between
AZEZ and ABZ siées is expected. Site predictions; based ~on
Niedema’§ improved furﬁula (dashed curves in figurés 6.4 ﬁnd
6.5, show "hydrogen to  ociupy "nonly  AZBZ sites at all
hydrogen concentrations in ZrCr=> only AZBZ sites wup T2 a

cancentration of about, 4.2°1in IrVa.

éhaltiel’s-siﬁe ’predictions show  excellent agreement
.with.;mperimental néutrnn diffraction data for both Irlr=—H
and ZrV=—-H systems (38,32)- much better than predictians
shown here based on Miedema’s imprgved formula.. In fact,
Shaltiel’s site predictions  are almost identical ol
experimental results. ‘In light of quant}tative inmaccuracies
of the early form of Miedema's modei, the agreement with
evperimental results shown by Shaltiel’s model has to be
viewsd as fortuitous at best. This apinion 1S also  shared
by -Nestlake ¢177). Interestingly enough, the‘earliest form

of Miedema’s equation was utilized in all site salculations

when improved versions had been available in the literature,
ie in 1975 (174) and 13976 (1735). The 1376 form of Miecema’s
model (175) is quite similar to the most recent form (214D,

and would have yvielded substantially different &M’ values

than those calculated by Didisheim in 13980 (39).

Other contributions to site occupation are neglected by

- 228 -
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Shaltiel’s model. Some of these are listed below:

1) The heat of formation o% the original binary
compound is neglected in eqthalpy calculations. ~ This
owission neglects the uea#ening of metal—-metal bonds due‘tp
lattice expansion. . .

2) The model does not provide any information regarding
maximum,o-cupancies in the ABz lattice. According to H’
calculations, which are negativé at all occupancies,
hydrogen could conceivably occupy all 17 interstices. This
clearly does.not account  for the upper concentration lihit
of about  £.0 H—-atoms per formula unit. The improved
formulation dDeS:aCCOuﬂt soﬁewhat f;r this limiting hydrogen

cancentration. &t high hydrogen concentrations. H’ becomes

positive for AZB2 sites (table 6-43.

3 A third contributgon involves the reduction 1in
stability due %o a loss in_th; entrbgy of hydrogen as a
gas. This =an be demonstrated through some simple
- calculations. Entropy changes during hydriding ) are

dominated by the loss in entropy of hydrogen in the gaseous

state (S= 130 J/K/mol Hz) and fhe configurational or.

positional entropy of hydrogen  atoms partially occupying
interstitial sites (45,46). The configurational contribution

is given bDy: » “.

J
Siconf) = k 1ln TT Wiy

- 223 -
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S(confd = k In W -~ E N

(XaND 1/ GhaXaNY 1D CL=$adXeNI LD,

-

-« ;

where there are Xi interstices of type i (1Ki<j) per fdrMuIaA

unit, oi is thg fractional'occupatioﬁ of hydrogen atoms”ui@

~

site i and N is Avagadro’s number. This equation wcan. be

solved using Stirling’s formula, ie

1nws = =XaNCalnds + (1=p0Indi—$ad 3.
. oo e
Assuming that hydfogen salubilityfin- the,', —phase is

negligible (yhich “is not entirely corre;t; but a reasonable
assumption none the less), the entropy chénge 2N hydriqing

Cise

_ASccalo) =.Slconf) — 130 J/K/mol Ha.

- ~

Table 6.5 shows results of these calculations for the
,ZrCr#—H system for a hydrogen concentration of,‘x= 4.0 and

different site occupancies. It is evident that as more AB3

Ssites are occupied (and fewer AZB2 sites), the entropy loss

is-diminished and the overall stability is increased. From

this simple analysis, it is clear that enthalpy is net the

only consideration in site staﬁility toward hydrogen..

4 Finally, Shaltiel’s model does not account for
di fferential occupancy in the four types of A282 sites of

hexagonal AB= materials (eq. ZrMnz) (S3,168,177). The 1Zkaz



. sites afe.preferentially'accupied in ZrMn:,'while.éhaltiel’s
model predicts equal occupancy in all four AZBZ site  types.
As_discussed in the Literature Review (Section 2.263, strain

" energies may be, gfﬁlleéét, partially rééponsible for this

phenomenom. o [
- by -~
6.3) Summary ) ’ . - ’
1) The hydrogen site occupancy model, prapdsed by -

Shaltiel et al, for ABa—type Laves phases has ebeen'shcun,to
be inadequate’ in its present form. Qualitatively, it
presents a reasonable account Df,ﬁydrogen orc%uéion, ie that

hydrogen predominantly occupies AZEBRZ sites while B4 sites

L

-

are never filded. However, gquantitative predinztions are

suspect because of liberties taken Wwith calewulated, binary

hydride enthalpies. Since site ocoupancy predictions ars

véry ‘dependent on  these caleculated quantiiies, it is
imperative that they be as azcurate as ‘possible. Other
important considerations to site oIoupancy are néglected,

such as alloy stability, ehtropy effects and electrostatic

effects. ' -

2) As an aside to this study, ta}culations on the Ze-H . .

systém yielded some very interesting results. The d-hydride "~ -

(ZrH,.c) appears to be the most stable hydride in the Zr=H
system, while the’ Y-hydride is probably metastable. Alsd,
the last hydride.forhed'in the Zr=H gystem appears to | be



/_‘-“‘-\

ZrHze—wn, which agrees quite well with existing Zr-H phase
diagréms.
W,
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mable 6.1

Thermodvnamic Parameters for a Number of

Transition Elements (175,2.5)

1 1 2
Element o* (Volt) n(wS)B(d.u-)j_ Vg(cmz)
Ti 3.65 1.47 '~ 4.8
v 4.25 l.64 4.1
Cr- 4.65 1.73 3.7 .
Mn 4.45 1.61 3.8
Fe 4.83 1.77 3.7
Co 5.10. 1.75 3.5
Zr 3.40 1.39 5.8
Nb 4.00 1.62. 4.9
Ni - 5.20 1.75 3.5
2d 5.60 1.65 5.3
Hf 3.55 1.43 5.6
Ta 4.05 1.63 4.9
H* 5.0. 1.66
HE*x* | 5.2 1.50 1.4

* Barly Miedema

** Impro

ved Miedema
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Table 6.5

Entropy Change Célculations_for ZrCrzH4

L4

Occupancy (¢;) | S(conf.) AS(calc.)
Zr2Cr2 2rCr3 J/K/mol J/xmol H,
0.333 0 | 63.5 -98.3
0.3 0.1 71.5 -94.0
0.25 | 0.25 74.5 -92.8
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Figure 6.1 Enthalpy of formation plots for the Zr~H system

calculated from a) the early form of Miedema's
model and b) the most recent version. Limited
experimental data are also shown (30).
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AH:
C(H): 0.0001

Zr-H  -0.011 kJ/g atom
-0.006 (223)

~ from (30)

A= TAS

0.2 0.4 0.6 0.8

Figure 6.2

C(H)

Enthalpy of formation plots for the Zr-m system
(Miedema's improved formulation), showing pre-
dictions of the last stable hvdrides formed (D)
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~AH’ (kJ/mol H,)
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from equation 5 (5)

- —-— from equation 6,this work

Hydrogen concentration: X

Figure 6.4

' ~
ZrCr3 N\ ~
: N . ~
: S
- \ F
Y .
Zr2Cr2 ™ -
2 4 6 8 12

AH' plots for the ZrCr,-H svstem.

-~
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) _——= ‘from equation 5 (5,8)

N

e
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| J . . .

from equation 6, this work

~AH’ (ky/mol H,)

en
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¥

2 4 6 - i 18 12
Hydr-ogen concentration: X

Figure 6.5 AH’ plots for the erz—H systen.



CHAPTER 7
- 7> SUMMARY AND IMPLICATIONS
Ir{Fe lri_. )= pseudobinary comﬁcunds o (xw<L= 0;8}
predominantly crystallize as the hexagonal, C1i4 Laves

phase. A second phase has been observed, however, and has,

been identified as monoclinic,  Ir0=, whose DCCUYence

increases as Cr content 1s increased. The excess oxyqen has

been traced to high oxygen levels in the Cr raw material.

Sorption capacities, which are of the order ot H/M=

1.0, decrease gradually with increasing fe substitutiap for’
Cr. Hydride stabilities, on the other hand, decrease meozh

more dramatically with increasing x.. This dependence is
linear, and has been shown both experimentally and through

enthalpy calc-ulations. Hydride enthalpy calculations are

based’ on Miedema’s rule ~of reversed stability, which
predicts - opposite behaviour Tor alloy . and hydride
stabilities. fron has a higher electronegativity than

chromnium, feading to increased electron transfer from Zr to

\

Fe and or. This increased charge transfer has a stabilizing ™

Y

effect on bond Tormation and theréfore would - account  for
enhanced allay stability at higher Fe compositid;s. Thg;e/y
stabiiity.effects also show up in terms of bond kfggtﬁs.
Band  lengths (A=E and B-E type ipﬁé?gzgﬁic distances)
decrease; ie bonds Stabilize, 'with//EnC{?asing v, which is

/ . -

/ :



o~
indicated py lattice.parameter reduction in Zr(Fe.lrai-wxld=
intermetallics. This dependen&e is also -appfoximaéeiy
lingaf, as i%dicated in figure 7}1; tﬁrough a'plot of 1N Fag
vs., . unit cell vqiume. #lateau pressﬁre iﬁcreasés

(stability decreases) aS'celL'volqme is decreased. )

.

Hydrogen is expected $o enter AEBEwtype sites on

absorption (ie either Z?ECrE; Ir2FeZ or ZrFelr sites). This

again is related to the above, as AZBZ sites are the largest

of the three types of available tetrahedral interstices.
The largest sites mean the lphéest bond iengths‘ and hencé,'
&he weakest bondslaf any of éhe sites available {for hydrogen
cgclusion. There is)likely a chemical affinity effect as
well.s  AZBZ sites pravide the greastest‘number of Ir atoms
(twa) per site. Since Ir has a much higher affinmity towards
hydrogen than =ither Fe or Or, hydrogen Shﬂgld be éttracted
T thoée sites, with the optimum Zr enviroment. (Guantitatiwve
studies are u&deruay at this time o gsc}rtain precisely
which sites are ochpied in Zr(Fe tri—wli=. Zr(Fe°_§=Cra_7=D=
and Zrt?eo.4gtro_=g)= samples are curvently awaiting neuiron
diffraction an%lysis. Temporary reactérl SHQt down  has
prevented inélusion of  neutron. diffraction data in this
thesis, however, an} findings will appear in a forthooming
publication.

~ .

Technologically, Zr(Fe.lrai—n)a ps=sudobinary compounds

demonstrate attractive properties, particularly in tqrms of



-

reactioh.kinetics. Most of -these compoﬁnds absorb hydrogen

virtually immediately upon 'éﬁpoéurer to the gas, whereas
- . ) - . : .

cther mor e established cthefcial Hydrogen storage

materials, eq. LaNig,.feTi aﬁd‘Mg, require some - type D%

-

activation procedure. Also full capacities are realized in

<

the inmitial hydriding cyclé. 

The bptimum ZrCFe,pr;_“)z'compositién, with %espect o

»

. thermodynamic  and  hydrogen ., capaity cohsiderations, is
"Ir (Fea.»=Cra.==)=, which maintaing a - relatively  high
sbrption capacity (H/M= 1.0) with a reasonably low hydride

stability (aH= =25 kJ/mal Hzd. Even after full activation,

Ir (Feo.»sCro. oot exhibits faster absorption rates than’
LaNf:, of the arder .of a “factor of two greater. . Detailed, -

quantitative kinetic studies are required to determine rate

c
subsequent activation energies.

controlling processes and

Heat transfer effects limit kinetic studies Here ta those of

a semi-quantitative nature. Thermal ballasting is aone

method of overcoming these limitations. AS discussed

previously, this invalves mixing the powder to be hydrided:

with a ‘high - heat ttansfer metal, which also has a low
affinity for hydrogen. Exampies are nickel aﬁd aluminum.,
0f course, possible mass transfer - problems must be
considered, as ‘the | ballast material to hydride material
ratio is usually quite,high.
‘OtHer technélogical cqnsiderat}ons, such as polisoning
- ) ' -

- 245 - .'
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resis#ance and cyclability, have undergone only limited
investigation, and therefore require further study. Limited

cyzling qxperiments (20 complete hydriding/deh§dridgn§

cycles) show no sigﬁs o5f either reversable hydrogen capacity
&DSS'DY crystallographic &egrédation; However, 1ohg term
“gycling (of the orde; of hundreds of cycleé) may reveal
ntherwise. Fossible long term effects include“ capacity

-

loss, plateau splitting and amorphization. 'Contamination
ef fezts have only beeg examined in a qualitgtibe manner. 1t
app=ars that Zr(?e,Cr;_n)= combounds, particularly_at higher
Cr levels, are sensitive to Hydrocarbon—related impurities.
On ihe other hand, they are quite immune to other pptential
poisons, such  as 0=, Hz=O agd C0=. Guantitative studies,
employing known amounts of impurities gases, would be useful

in determining specific contaminant effects.

Many of the above mentioned proposals, iﬂQolving
further investigation, would be better suited to a smaller

hydriding/dehydriding reactar (of the order of 30-7 ml.o.

A - smaller ™ reactasr would permit rapid tyclipg of  allay

-~ Samgles, whiich woula fazillitate long term Cyohing tests.
QESD, a smaller reactor would reduce extrinsic limitations
(such as heat transfer effects, temperature variability and
rea;ﬁor dead ‘spaces), which affect kinetic and poisoning-

~ experiments.
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APPENDIX A

X-ray Diffraction File Cards
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TEM Camera Constant Calibration
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The camera constant (AL) for electron diffraction is given

by the following relation:.

AL.= R d,

where
A electron wavelength
L—- camera length
d— interplanar spacing

R~ distance from center of through beam to =sach of the

diffracted rings.
* >

Commanly, polycrystalline Au or Al Is used as a standard,

bezause of the simple mature of the cubit'system. For cubic

systems:

d = a/(hT+kT+1=) 273,

where .
a— lattice parameter
hki= Miller Indices

Therefore, ) -

AL = F a/(h=+kT+1R) 1=

- 265 _



f=) g

(hZ+k=+1=) 2= = R a/Al.

By plotting (hZ+k=+13)37% vs. R, the camera

coanstant —an be determined from the slope of the curve:

AL = a/slope.

The camera sonstant must be calculated separately for =ach

TEM usage.

A representative plaot and diffracztion pattern for

polycrystalline Al are ‘shown on the nent page. The Cam=ra

canstant in this case is calculated as D.2311 nm—cm.
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