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“"Abstract

Mét;l hydrides appear to be a.promising medium for

both.ene;gyutransmission and storage, Hydrogon'éan be

stored -safely and the by~products of combustion cdnsist v
essentially oﬁ pure water. Large quant;tles of hydrogen
can be stored indefinitely and this stored energy can be
;ecovered when needed. A 11te£ature ourvey has.revealed
that a oumber of hydrogen sﬁorage hate;;als are under
"investigation, i.e., FeTi, Mg-alloys, pﬁyis,althouéh

none of these alloys fulfill all of the ﬁequ;rements of ~
| . .

a hydrogen storage medium.-
In this study, the author invostig%ted a number of
prospective zirconium—pseudobinary compounds of tﬁe type
-_Zr(B Bi. x)2' where B = Fe, Co, B' = Cr, Mn and x = 0.4,
0.5 or 0.6. The twelve alloys all exhlbxted two phase
microstrﬁctures, identified as the cublc and hexagonal
Laves phéses.‘ In all cases, hydrogeﬁ abgorption increased
the éiquof the lattice parameters and tﬁe volume. of the
Gnit cells without changing the cfystal ;tructore.' Hydro-
gen capagcities and hydride stabilities ;ecreased with
increasing 'x'. Desorption capacities were of.the order '
of 65:80% of the absorption capaclty for each of the alloyg—-—*
tested. | The affect of prior ongotion on hydrldlng pro-

¥

perties|were variable. Hydrogen capaci%ies were reduced \

somewhat in most cases, although Zr(Pe;?rl_x)z, (i = 015,
i , |
and Zr(Coo.4Mn

0. 4 0.6)2 . 0.6)2
good resistance to oxidation poisoning, with hydrogen

0.5, 0.6), 2r(Co demonstrated
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CHAPTER 1

"
introduction .

. - . - . ]

Hydrogeﬁ, as a medium for ‘both energy transmissidn

" and storage, shows considerable promise. I s essentlally

non-poliluting, the major by-prodhct of combustion being -

. water, .and it can be genegated from readily available and

abundant raw materials and energy’ sources. HYdrogen has

the highest Energy denflty per- unit weight of "any chemzcal

and can,be utilized as'an energy medlum in. a number of ways,

2 <

ranglng from internal combustlon engines to fuel cells.
The Lnevztable decllne in productaon of fossil fuels
in the near-future and greater environmental awareness
requlre the development of new prlmary energy gources. The
leadlng candldates anlude nuclear enerdy, geothermal

energy, tldal power, hydroelecterxty, wind power and solar

_ energy (l). Most of these sources produce 1nterm1ttently,

remote from points “of use. Thus, the conversion of these
energy forms into another transportable energy medlum,

such as hydrogen, would.be a necessity for full exploltation.
This hydrogen tould then be utilized in the deSLIEd manner

to producevuseﬁu energy. A schematlc representation of
this so-caliﬁaﬁ drogen system is shown in Flgure 1 ().

A number of 11m1tatlons exist, however, preventing |

the lmmedlate realization of hydrogen as a fuel.f These
problems lie in the areas of hydrogen*productlon,,utiliza-

tion and storage. o .

Hydrogen can be extracted from fossil fuels and from

N 1

»
-
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22535,41,2,3,4,5). Fossil fuels are a limited and dimipish- .

4 /!
g resource, while water can be ;egarded as inexhaustible,

-

+

-

-

QCoal has been proposed.as a short-to-medium range source for

hydrogen, however, the high sulphur content presents an

L

eﬁYironmental risk. Water appears to be the obvious ultimate
source of hydroéen. The splitting of water into hydrogen
~and oxygéﬁ’éan be’ achieved by electrolysig and therm;- -
mechanica; procaesses (1,4). Neither of these meth?ds is
economical or practical at this time, with efficienci&s of
bgtweeﬁ 20 and 50 percent (4). Figure 2 summarizes tﬁe
various methods évailaélé for hydrogen produétioﬁ (4).

Hydrogen can he utilized in a number of ways;'includ-

- L]

ing internal combustioq‘enginés (6), fuel cells (7,8),

thermal engines (9); air-conditioning systems'.(10) and heat

v

exchangers (11)., Presently, internal combustion engines gnd
. fuel cells appear to be the most important utilization

methods. The conversion of ‘conventional gasoline powered

Y

internal combustion engines to hydrogen can be accomplished

with only a few m?dificatiéns, thereby providing an

immeﬂiati)to near-future method of utilization. Evenenow, ..

+

a number of automobiles apd buses have been successfully
converted in both the United SEates and. Europe. Fuel cells,
though, appear to be the way of '‘the future as their total

- efficiency exceeds, that of  internal combustion engines

(7). A number of experimental ﬁuéi cells have been developed
and show some potential, for example, a hydride-air fuel

cél{ (7) and a Ni-H, battery (8). Problems still exist

: “in areas such as meeting power_réQuirementg, reliability and

‘. »

.

L3 3 [
L}

[
L
o
4
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’
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battery lifetime (7,8). . L
' - [ ]

The major methods for storing hydrogen are liquid

storage, glass microspheres and metal hydrides. quUld

hydrogen is stored in a Dewar flask and the major cost lies

in 11quefact10n (12, 13) For a refrigeration cycle that
is 33 percent efficient, the enexgy for liquefaétion is

estimated at 10 kW-h-kg ~. This quantity is 25 percent of

‘the heat available from combustion of the hydrogen (13).

Microspheres are small glass.spheres, 6 to 60
microns in dfameter, made fxom fly -ash 112;71 These spheres’
are permeable to hydrogen at hlgh temperatgfes and imper-
meable at low temperatures. Most of the expensg, in this ‘
case, is due to the refilling stage where thevhydrogen.
must be compressed and the systeh heated to 300°C. The
energy requxred for this process is estlmated at 3 percent
of the energy avallable during combustion.

Metal hydrides are chemical compounds of metals and

hydrogen (14,15). Hence, the hydrogen is stored safely 1nszde

e — e —— oo ——— .

the metal 1tself and the amount of hydrogen stored. per volume_,
can exceed that of 11qu1d or gaseous storage methods.
Hydrogen is absorbed znto the metal by exposing the surface
to the pressurized gas-at room temperature. The stored
hydrogen can be released by heating the hydride to the
appropriate temperature, The absorption cycie is exothermic '
in nature, while the desorption process is endothermioc,

The heat required to liberate the hydrogen from the hydride

can be obtained from waste heat generated in the energy

conversion system. The materials that have received the
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most interest as solid stdrage mediums are FeTi, LaNi

-
»

________f__TEﬁa_H?TTI2TT——HUwever%—ncne—of—these;materi%%s—meet a
tﬁe‘%equiremgnts necessary for storage.
The objective of this study was to investigate the
feasibility of hydrogen storé%e via metal hy@ride% and in
. pékticular zirconium pseudobinary compounds of the form
Zr(BxBi_x)2 where B = Fe, Co; B' = Cr, : and x = 0.4, 0.5;
. and 0.6. The alleoys were produced. by melting and casting_
-the pure metals in an archmelting furnace. A hydridingy

dehydriding procedure was attempted on each of these melts

.in an apparatus cpngtructed for this purpose. C€Changes in

the lattice parameters aqd/or structureé bgtween the hydrided

and unhydrideﬁ alloys were determined by x-ray diffraction
techniques. ‘Optical metallography was performed on sectioned,
unhydrided samples in an attempt to relate hydriding charac- |

teristics to prior microstructure.
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2.1 Bonding and E#ictronic Factors of Metal Hydrides .

Hydrogen~Peacts with metals to form three kinds of
metal hyi?%%:e,,n ely sallne or ionic, metallic and co-

4

valent (14, 15) . /[ The ionic type bond is made up of metal -

o .
. * cations and hydrpgen anions. These hydrides are formed

- \_B}\Ehe direct reactions of hydrogen witg alkali or- alkaline |

.earth metals, The elements are locateé id}grouos IA and
ITIA of the Periodic Tables as shown in Figure 3. The
alkali meta{ hydrides have sodium chloride type structufe,
while the alﬁaline rare earth hydrides exhibit a barium_
.chloride structure. In general, these hydrides are too
stable for hydrogen storage applications, with the excep-
tion of magnesium which demonstrates\some covalency. '
Covalent hydrides are made up of berylllum and many of the
B group metals of the Periodic Table. The hydrides may be
solld, lzquld or gaseous and can be quite unstable. None
of these hydrides are formed by reacting dzrectly with

the metal, which ellminates them in storage applications.
The type of bonding exhibited*by most potentlal hydrogen
storage hydr;des is metalllc in nature. Metallic hydrides
have a metallzc appearance and high thermal and electrical
conductlvitmes. They are formed by the reaction of
hydrogen thﬁwmoéé of the elements of groups IIIA - VIIIA
in the Periodic Table (Figure 3). In the past, the
ﬁetallic bond‘has been egolained by an anionic or protonic

* .

model (15). The-anionic'mohel assumes charge transfer fro
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the metal to the hydrogen site, while the protonic model

suggests that the electron,'from the hydrogeﬁ atom, deserts

its proton and occupies: the d-band of the metal. These

models have subsequently been modified'and combined (17, 18).
2

There are a number of general observations that can

be made concerning metallic hydrides (19):

1) The metal atoms in metallic hydrideé areé at

least trivalent. Orbital overlap hecessitates that there

'be close metal-metal spac;ng and entering hydrogen should

be cdnsldered to be metallic, * *

: 2) The majority of catalytic.properties(of transi—

‘tioh metal'and rare earth hydride systems can be explained

&

in terms of d-electron 1nteraction,

w

3)  Most of the properties of the actinide systems

" (up to plutonium) can be explained in terms of f-electron

&

1

-interaétions;

.4) If’the d (or £f) electrons are tied up in metallic
bonding, they will not,'in general, be readily available for
chemisorption-catalysis. Conyersely, if the 4@ (or f) )
electrons are not_inVOIVed in metallic-bonding, they'will
usually be available for chemisorption-catalysis.' .

’ The type of metals making up the! metallic bonds can
be divided into three groups, that is the highly electro-

positive metals, the "less electropositiVe" metals, and

 the "still-less electropositive" metals (19).

The highly.electropositive_ggtais’consiét‘of-;he,

actinides, the rare earths and the early transition metals,
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The bas;c propertles are as follows- :

' l) The dlfference 1n-e1ectronegat1v1tles_iAnl_betueen_______

these metals and hydrogen lae in the range. Q. 5*1 0 (see .

e
”
-~

Figure 4),

2) The‘heats of reaction and solution, are exothermic;
s 3) Hydrogen atoms are found in tetrahedral positions;

4). Hydr;dxngd&eactlons tend te be 901soned by .
eleqtrophmlic (electron seeklng) molecules; K )
. . The "less electroposltlve" metals are made up of

metals such as iron, cobalt, tungsten, etc. and exhibit

these properties: ) ) o,

P
<

1) Hydrxdes are not formed easxly because of high

valencxes, large cohesxve energies, and lattices that are

tqo_small, .
-~ | 2) The difference in electronegativities (An) is in

the range 0.5-0.2; | » .
' . 3) Heats of solution become endothermic;

4) They may cause major electronic effects as alloy

,additions. .
. The "still lessielectropositive" metals include such-
metals as nickel and palladium; " These metals .are character-
ized as follows: N '

- ' 1) ° They form hydrides in a complex manner by adding-

electrons toth to the nearly £illed metal d states_and alsef

to the new state drawn below the Faermi level;
2) Heats of solution and reaction are complex;

3) Hydrogen atoms are’ found in octahedral positions;

¥ 4) Hydriding reactions tend to be goisoned by

electrophobic (electron donating) molecules.

s
.
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A plot of the electronegat1v1t1es is %hown in Flgure )

4 The—ctrcied—metais—do—not—form—hydrtdes—whtie‘fhosed1n

brackets can be forced into an unstable hydrldxng conf;gura—

tion. The d1fferenqes between the flectronegatLVLtles (An)

of hydrogen and a partlceiar metal may be viewed as a

driving force of potentlal for reaction. .
.Electronic processes in or near rhe valence-band . -

region can produce large ¢hemical and Eérucqyral effects (19):

The presence of oxlde (and/or hydroxide) films, inclusions,

grain boundary 1@pur1t1e;\ etc, may be oéfmajpr 1mportance
in dealing with catalytic properties. In the case of the .
electropositive metals, it appears that hydrlde initiation *
\and poxsonrng) may-occur at such s;tes, rather than directly
on the metals. A summary ofihydrldlnq properties is'given ¢« "

-

in Table l. o ] .
( Ih terms of electrone for'chemisorption for extremely
pure samples of those metals in which the d electrons (e.g-,
Ti and 2r) or f£ electrons (e. g.,'a—U, a-Np, and u;Pa) are
almost totally involved in metallzc bondlng, hydridlng is
very difficult to initiate. Hvdrogen, however, dissociates
on the late transition metals almost without an Ehergy of
activation: A péliadium or nicke% f}ashihé or coating over .
a more eleotropositiVe metal may provide an immeoi te source

of diseooiated hydrogen and thereforé rapid attack. Electro-

_phobic molecules can poison this dissociatron by glving

electronlc charge to the meﬁal levels that.would be

”

ordinarily available. LI " b

" M O Y
I . ;
.
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2.2 Thermodyngmrcs and hrnetlcs of Metal Hydrides

P

Hvdrogen reacts reversrbly with the, metal by means

of the following reaction:

X - .

»

L3

The foryard reaction is generally duite exothermic, the
heat of formation .approaching the heat of combustion of”
hydrogen lnﬁsome ;ompounds. The/é;rectzon of the above
equation depends on the hydrogén pressure in the system.
The behav;our of metal-hydride systems can be best
represented by a pre;sure, compos1t10n, temperature,
(P=C-T) dlagram. It is a plot of pressure or compos;tion‘
at various temperatures as shown in figure_s (16). The
initial steep slopg corresponds to hpdrbgeh going into
solid solution and this single phase region is usually
denoted as the a-phase. Where the curve begins to change
slope on the P-C-T dlagram denotes the. eppearance of a
metal hydrlde or B-phase., The solubility of hydrogen in
many metals can be quite high, which results in many metar
hydrldes that are non-stoichiometric. With the formation
of the second phase, the hydrogen pressure remains constant
and a plateau 'resElts, as more' hydrogen is added., The .5,
concentration of h&droéen in each phase does not change,
only the relative amounts of each phase. The plateau}

contirnues as long as ‘there -are two distinct phases, as

required by’ Gibbs' phase rule (20, 21)
F=C=P+2 oot .

¥ E
a : ’ x
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~ where P'is the number of phasés, ' is the number of compon-

ents—and—i£3—is—the—degrees_oﬂ_freedgm.‘pAn,add;tional hydride
phase, the Y-phase, may also be formed, in which case a
second and higher plateau wlll appear.

The thermodynamics for the formation of a metal hydrlde

can be derived from the van't Hoff isobar (16): v
din K _ AH ' ,
4T ) .RTz - v

where R is the gas constant, 'T* is the temperature and AR is
the heat of reaction. ' .
The equilibrium constant () is given by:
) aﬁnx‘ .

a
M H,

In this equation, the activities’(a) can be considered

_to be ~1, since we are working with'essentially pure phases.

41

The‘fugacity (£), because of low pressures, is equivalent to

the pressure. Assuming 4H to be constant (over a relatively

I

small temperature range), the van't Hoff isobar can be

written as: ) . : .

4

a ingp, */?) = g ar
2/
or
) ’ in 2=+ - {2.2)
. - ; ‘ + a .
where'C'is the constant of integration. If the- hydride is®
.stoichiometric and the so}ubility of hydrogen is small in the

a-phase, the stapdard enthalpy of formation can be determined

*



from the slope of a plot of n PH2 vs., %.' -

—————————————r————————The—free—energy—change—can—be*determrned—by—the
stangard relathn:

; AG =‘AG§ + RT 2n K P .o 3
where AG% is the standard free energy change.- At equilibrium,

*AG = 0, which implies that: 3

teg = -BT' fn K S

A . ’ *Ji ‘Q
. or, .
v 863 = 5 RT an P, . (2.3)
o/ . 2 .
Theé standard entropy of formation can. be determined
[ by: ' . ) ’
. AHS - AGS
_ £ £
\AS% = T « (2.4)

-

. where MH} is the standard eithalpy of formation. .

" In systems, that. are appreciably non—stoiFhiometric,
the standard enthalpy of formation is the sum of three
components: the 1n£:§ral heat of solutlon of hydrogen in
the aqphase from zero hydrogen content to saturat;on, the
heat of reaction in going from the hydrogen saturated a-,
phase to the non-stomchlometric B-phase, and the integral
‘\_; . heat of solution of hydrocgen in the hydrogen-poor B-phase

to t@e stoichiometrrJ value. This also holds for AG% and
'A5%° In cases.where theielare large deviations f{om
stoichiometry, the thermodynamic quantities are usually
expressed as relative partial molal quantities (iH - XH ),
where xH is the partial molal enthalpy (or entroPy or

i

free energy) of hydrogen atoms ln the soiid and X° refers

Hy

isd

¢




- r —— — - .
- o - . o C ey

- L <
-

A

to hydrogen'in its standard state as a pure, diatomic-ideal

v

gas. To obtain the integral quantitres, the partial values

-

—— are Lntegrated over the entire eompos;tion from the pure

metal to the storch;ometr;c hydride- (16) .

Binary hydrides, i e.q hydrides‘;;;;kzshaf“o

type of metal and hydrogen, are generally too stable for

one

'storage application, i.e., requ;re too much energy for .
bydrogen removalq with the possible exception of MgHz.
.QOnsequently,,most efktﬁe storage materials under considera-
~ tion are binary or pseudobinary elloys. These alleys form

ternary hydrides with substantially lower stabilities. -

*

L ‘ ‘Miedema et al (22,23) have developed a thermédynemical

- {

mpdel regarding the formation and .dissociation of ternary

hydrides.,  The assumptions entering in and the implications

N | . ' . v #
coming out of this model are stated as:
’ 3

a) The energy effects in alloys of ‘twa transition -

. metals, and alloye of transition metals with noble or alkali

“‘metals, are malnly nearest neighbour effec%s.

- -

* ’ - L. b) The stability of a hydride can be expressed as a

. v i
_ function of AH alone. The criterion for a hydride’to be

. —_
. Stable with an egpilibrium pressure at room temperature .

*

below 1 atm is:

f 1 .
- AH = TAS(Hz‘gas)t -9 kecal/mole H2 .

" ¢) ‘Intermetallics, that can absorb large quaptities'
of hydrogen near room temperatﬁre, have at least one metallic

element that can form stable binary hydrides. Examples are

C/ ‘ t
~ :
i
N .
. .



se¢, ¥, La, Ti, 2%r, Hf, Th, U and pu. . ..

. d) The heat of formation of a. ternary hydride,

-
» L}

AB H2 » from the binary intermetallic AB and gaseous H2

can be resolved into:- . . - \ .
. . o, ﬁ

IAH(ABnHZm) Ah(AHm) + MH(B H ) - AH(ABn)._ (2.5)

Por the ternary- hydride to be stable at room

"

temperature, with a dissociation pressure of 1 atm., the

heat of formation has to be more negative than -9 kcal/mole

w

Hzl 2 A s -
s A schematic representatlon for ternary hydrldes (22)
¥ ‘e;;v"

is shown In Figure 6. Metal A is the mlnorlty metal, in .

the compound ABn and attracts hydrogen (hydrides o; A are

more stable than those of B). The hydrogen atoms primarily

L

surround the A metal atoms. There are'contacts between.the
A atoms and the hydrogen and likewise contacts beétween the

B atoms and hydrogen, while the atomic contatt between A
'( \ .’ . - - .
'! and B, that-was responsible for the heat of formation of

. -

Y . . .
the original compound, is, lost. The contact surface area

’ \ is approxlmately the same for A—H and B-H, therebv lmplylpg

{f \ that the ‘ternary hydride, AB HZm
\ \ to a mechan1ca1 m;xture of AH and B H m? SO that the heat"

¥ .

¢ is energetlcally equlvalent

! \of formatmon,ls given by equatmon (2.5). . L3
\:> \ It seems that the negatzve component of equatzon (2 5),
has the greatest effect and leads to the rule of reversed o
stability (22)7 This rule states that the more stable the
. binary in?ermetallid compoohds one;etarts with, the 1ess

oill be the tendency to form stable H&drides. There will

only be the formation of a stable ternary, hydride if at least'

-
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one ofntbe metals (A) forms fairly stable binary hf&rides.

’ *

For this'reasoh, A is restricted to metals such as Sc, La,

Y, Ti, Zzr,  Hf, Th, U or Ti.

_In metal hydrogen systems, the configurational

entropy (AS) is relatively constant (22,23,24) and is equal

to -30.0:6 ¢al/deg.mole H2' "This entropy effect is pre-
! o™ -
dominantly due to' the hiéh entropy of hydrogen as a gas,

(31.0 cal/deg.mole H2 at”room temperature), which is lost

upon enteriﬁa}ﬁhe metdl.  Because of the relatively constant

value of AS, the gnthalﬁfwvalue is usually considered the
more important value. However, Gfuen and Mendelsohn (243

show that entropy changes in a number of AB-H systems diffe

by up to 6.5 eu/mole H2 leading to differences of about
2 kcal/mol H -An the freg energles of reactlons at 300K.
This eorrESponds”to changes]of more ;han one order.of
magnltude 1n hydgggen dissociation preSSupes.

v . The reaction kinetics of hydrogen absorptibn and

3 .. "
~deration in selecting materials .for practical storage

3

épplicagions. Kineties are hard to follow quantitatively

o

' L] & l' : N
-~ because' many hydriding reactions have rate constants of

LI
rthe order of "a few séboqu. Conventional experimeptal

-

:methods cannot follow such rapid changes, A temperature

hange of a few deérees Celsius is sufficient to, alter the
inetics significantly. - -
The 'plateau’ behaviour exhibited by hydride systems

is similar to many of thé phaie transformations of the

nucégation-an;T}rowth type (25). .

.
L]
.

I L]

r

desorption in metal-hydrogen systems is an’ important consi-

"
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. " F(t) =1 -exp (- (t/‘t) } © (2.6)

~

———————ﬂwhere—FTtT—:s—the—fractton—of—reactxon—completed—at—ttme————————————
! 1P is the reaction rate time constant (relaxatzon time).,

and h'is an integer or half-;nteger, the value of which is

—

governed by the gecmetries associated with the rate control-

- E

ling process. For the a+ﬁ,transformation, the fraction of

the reaction completed is given by:

+ o

wit) - W

. Pt) = —/———0 t (2.7) ’
, & ) WB Wy
where W(t).is%} weight of absorbed hydrogen at time't,

W is the weight- of absorbed hydrogen in the a—phase limit
and WB is the weight of absorbed hydrogen in the B-phase .
hydride, Problems are usually encountered ln relat;ng these
theorétical equations to the actual cases. This is due to
the fact that most exper1mental P-C-~T dlagrams do not )

- exhibit flat, horzzontal plateaus. The slope in the plateau
1nd1cates that dlfferent portlons of the hydride materral .
hydride at different pressures (25). Impurities, inhomo-
geneities, particle size and stresses.could all be factors
contributing to this.phenomenon. . i

The maSOrity of work dcne on hydriding/dehydriding
klnetics to this point in time has been qualitative in
nature. The kiretics vary depending.upcn the material in

’ qnestion. Kinetic, as well as thermodynamic, properties

can Qé affected by alloy composition and crystal structure.'

Poisoning effects must also be conSLdered, as contamrnants

may affect the rate-controlllng processes. Kinetics are

- » © rm———
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also directly dependent upon the system pressure (26).

The greater the difference between system pressure and
equilibrium pressure the faster the reaction rates,

. - Kinetics can vary from very fast absorption/
desorption rates in alloys such as LaNis, where qpé reac—
tion.rate is controlled-by heat transfer (%7)\to extremely
siuggish rates in Mg-alloys, whicg can be governed by

dlssoc1at1ve chemigorption and assoclatlve desorpt n (28).

-

2.3 Hgsteres;s e i

* ¥

In.many‘metal-hﬁdrogen systems, hysteresis has been

found. This phenomenon o6ccurs when thé transition pressure

-

in the P—C-T curve is higher for ahsorptlbn than«for

4
"‘n..

desorptmon. An example of hysteresis is shown xnvFlgure 7.
The cause of hysteresis is pot fully undérs;bod. H&wever,
laéqice expansion on hydriding is'believed to be of impor-
tancev(29;30). The hydride phase.seems to cause'an
irreversiblé plastic deformation in the matrix. Desorptlon
of a small amount 6} hydrogen primarily relaxgs the residual
forggs 80 that the phase is no longer under stress. There-
fore;-desorpt}on shou é occur*at a lower critical transi-
&i;n pressure. Because of strain sensitivit§, the amoﬁnt
and ‘size of impurities as well as processing history have
con51derable effect on the absorptlon pressure plateau,

, Another explanation for hysteresis is the defect
theory by G.Gs Libowitz (31). This theory assumes that
there are non-stoichiometric vacancies in the lattice. As

hydrogen is withdrawn from the stoichiometric‘hydride,



hydrogen vacancies are formed, and the hydride becomes

————————————non-storch:ometrrc———ﬁt—the—composit n where e lattice

becomes saturated with vacanc1es further removal of hydrogen
causes the lattice to break down, thus forming a. two-phase
system. Therefore, the plateau pressure is actually the

equilibrium pressure of rion-stoichiometric hydride. On

hydriding, it is possible, because of the longer time to

reach equilibrium,~that a rather stable metastable hydride‘

-

is formed having fewer vacancies (higﬁer hydrogen' composi~

tion) than the stable hydride. The metastable "hydride,

because of thejlower stability, has.a higher dissociation

pressﬁre. Since the hydrldlng phase has fewer vacancies
the hydrldzng curve on a P-C~T dzagram extends further e

to the rlght than the rldlng curve, as shown in Figure .

()
* L3
. -
'

7. * s
o Flanagan et al (32) have proposed another approach
to hysteresxs, based on the solvus behaviour in “the

palladium—hydrogen system. Large dislocation densities, -

8 ~2

i
of the order of ~lO m “, are introduced by the a+g or f-+a *

phase transxtlons. The dislocation density in the a+g
followed by the g+g Eransformation is about thce that
found in the g+a phase transition. It, therefore, appears

that each phase transition leads to its own characteristic

dislocation pattern and the contribution due_to the reversal

A~

of dislocation motion ig negligible. In the pfevious

e

e*blapations, tHe desorption isotherm (B+a transition) was

said to approximﬁte the equilibrium condition, whereas

>

\ . . ‘ -

i
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Flanagan et al show that neither Pa+8'°r P8+a cor;esponds
to T} ibrium; since dislocations, won-equilibrium defects,

are generated aiong each plateau pressure branch.

The degreé of hysteresis in a metal-hydrogen system
can be affected gy the type of testing. Hysteresis is more
pgonéunced in dynamic’ tests Fhan in conventional static
tests (27). This effect‘could be due to deformation dis-
orderiﬁg of the metal lattice by cyéling through the high
‘cgbacity range. An effect of this type_ has been noted in
AB compounds, FeTi (27) and 2ZrCo (33). .

Even though a number ofjargumentg exist on the causes

of hysteresis, it is generally agreed that hysteresis reduces

the efficiency of hydrogen storage\syséems.

' '2.4 Storage Criteria .

For hydrides to befhsefu; as energy‘storage media, a
number of‘requirements are‘necessary. The hydride should:

1) be capable of storing large quantigies of
hygrogen; ’

2) be readily formed and decoﬁposed;

3) 'be. as safe as other energy garriers: -

?) have reaction kKinetics satisfying the charge/
discharge requirements of the system; '

L] -

5) have the capability of being cycled without

*

alteration in pressure or temperature during
the life of the system; .
6) have low hysteresis;

» ’

7) have resgistance to pqisqning from contaminants

§ .
, . -
f
-
< a
N -
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such as 02, Hzo, CO, etc.;

8) have low cost.

A riumber of materials have been developed but none

of them meet all these requirements.

2.5 Metal-Hydrogen Systems

The metal-hydrogen systems currently under ihvesti—
gation can be divided into five classgs, namely, ABS, AB,
AB,, Mg-based and AB, and a,B, Fompounésg .ﬁéch of these
systems will be discussed briefly. Table 2 summarizes the
properties‘of each alloy class as they relate to the storage
criteria. Interested readers are referred to publications
(34,35,36) for fﬁrther information,

In the AB sys?em, the majority of work has been

5
done on LéNis. This material Qas 3 hexagonal or orthorhombic
structure with a CaCug type lattice, as Sﬁbwn in Figufe 8
(3;,38). derideé éré*forme& with plateéu pressures of a
few‘atmosphéres at teméeratures up to 100°C (37,38i, see
Figure 9. The)AH‘vglue is of the order of -7.2 kcal-mol’r

H Attractive properties include high hydrogen capacity,

2%
low hysteresis, tqlqrapce to gaseous impur%ties ahd ease ’
of activatipn in the jnitial cycle (39,40,41,42). Laﬁi5
also shows good kinetics, the reaction nate beiné controlled
"by heat transfer, with nickel serving as a catalyst for

the hydrogenerating reactions (27,39,40). The ﬁajor
problems, associated éith this material, lie in the area

of alioy cost and cyclic degradation k43). Allqy cost can
be lowered somewhat'ﬁy substituting Ce, Nd, Gé, Y, Er; Th

and 2r for La- (22-,37,38) and Al, Co, Fe, Cr and Cu for N%
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(22'44'45f46) .

The AB alloys store hydrogen at a low cost %nd exhibit
plateau pressures of a few atmospheres at temperatures up xo’
100°€. Most of the work done on AB compouﬂds has been res-
tricted to FeTi, which has a CsCl type crystal structure-
(47) . The pressure-composition isotherms for the FeTi-H

system are shown in\Figuré 10, Two hydrides are formed, i.e.,’

- i

a méhohydride with a tetragonal structure and a dihydride
vhich forms a cubic structure {(48). The AH vaflue for the
monohydride is ~6.5 kcal—mol-l'Hz. It is necessary to ini-
tially activate FeTi before it will react at a practical

rate with'ﬁyd;ogen (49,50). Reaction kinetics are cohsider-
,ably slower éhan in*the ABS case (27,51) and can be‘affectéd“
severely,bf contaminants such as d2,~H20 and CO (42,52,535.
Other disadvantages éf the FeTi-H systen are groqounced :
hysteresis and the weight of th; hydridés (57,54). These |,
problems can be alleviated to a degree by the substituéion

6f variéus alloying-eleﬁents, such as Mn and Al for Fe,.
Manganese assists in providing a reduction in hysteresis and_
some resistance to poisoniqg (42,53), while aluminum helps

to lower the oVefall weight of the alloy (47,54).

The AB, compounds have a high storage capacity, sﬁow

2
good ré%istance.to impurities and exhibit IOW'hystefegis
(55,56,57,58). Theée alloys form one of two Laves phases,
e;ther the hexagonal Cl4 stqﬁcture'(SQ) or the cubic Cl15.

. structure (60) . The AB, materials of interest have the

r
geperal“formu¥a~ZrBZ, where B = V, Mn, Cr, Co, Ee, Mo, The

T

-
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best sorption characteristics have been cbserved for erz,

Zrcri—and—zranf—witﬁ—hydfogen—pickup—approa§hingi=6—ﬁ—a&xmmr————————-
" per formula unit (56,57,58). Hydrogen absorption in all of

these binaries résults in a lattice expansioni aHydrided

ABZ compou?ds ténd to be quite stablé, with AH values greater

1

than 12 kcal-mol - in magnitude. A method of lowering the

stability, while at the éame time mainéaining adeguate
3 absorption capacity, is to substitute §pﬁe of the Mn, Cr, '
N Mo or V with Fe or Co (55,61,62,63). In this way, stabilities
can be reduced to acceptable levels. Partial spbhstitution
of Ti for 2r can alsé be employgd with. the result of
reducing the cost of the hydriding alloy (64,65).
Magnesium, as a hydro;en storage material, ?éets two
yéry important storage criteria. It can store large .
quantities of hydrogen ( 6.7wt%), i.e., more than twicé‘as
‘much as either LaNis or FeTi, and it is inexpeqsi&e. However,
on the riegative side, the gq—g system has poor reaction
kinetics and the hydrid$ éhat is produced is toof;table for
most pracii;al apﬁlicat{ons (66-72). Eleménts sgch as Cu
and Ni have heen added to Mg eithef‘as-allofing agdditions or
* ““catalysts Lléﬂzé,66-72). _Although the absorﬁtion capacity
) is,diminished, these elemerits can improve the reaction .
' kinékigg by providing an oxide~free path for hydrogen sorption.
The prgsgure-composition isotherﬁs for the MgZNi-H‘system
are shown in Eigure 11. ' Additions of rare e;?ths (75,73) and

transition metals (75) have been somewhat successful in

increasing desorption rates of hydrogen in magne%ium..

o
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The AB3 compounds, in general, form hydrides that are

quite stable and thev exhlblt 1ittle or no hysteresis (37,

74=77). _The A287 materials are also quite stable, though
slightly less stahle than their AB3 counterparts (74,76{, A
number of AB, compounds absorb hydrogen to a H/M ratid equal
to or greater than 1.0, nam’ely ExCo, (ErCo3H5.5) ' P‘iCo:,’ (PrCo3H5),
CeCo31ce§o ) and DyCo3(D4H4.25) (37,76,77). Most A,B,
cempounds don't approach a H/M ratio of 1.0, with Ce3Co7
showing the highest capacity at H/M~0.67 (76). ’Very little
has been done in the areas of reectio; kinetics, cyclability

and resistance to, poisoning, therefore no results are reported.
. . . ﬁ

. 4

2.6 AB, Compounds -’ i

The AB., compounds are the most recent of the storage

. . 2
gystems. As mentioned previously, they form hydrides with a
high storage capacity and resistance to impurities. However,
theirmhigh thermal stability has resulted in limited technolo-
gical developments.

The AB, compounds form one of two structures, either °
the cubicIClS structure (60) or the hexagonal Cl4 structure
{(59) . These crystal structures are shown in Pigures 12 and
13. poth'of these structures ere Friauf-Laves phases,
belonging to a group of lattice types in which all inter=- }
gtices are’fcrhed by xetrahedra (62,64,78-81). As a result,
hyérogen absorption increases the size‘of thebunit cell
without changing the structure. There are three types of
interstitial'sites;‘namely AB,, A,B, and . B4, where A and B

represent the atoms surrounding the sites.

- »

-
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Shoemaker and Shoemaker (80) have f'ound the total

number of interstitial sites per ABz unit  to (be seventeen.

I}

¢ This number is made up of four AB, sites, twelve A,B, sites
and one B4Aelte. However, hydrogen absorption never comes
close to a value of seventeen hydrogen atoms/formula unit.
The primary llmltlng prlnczple is an electrostatlc one.

Because hydrogen is more electrOne??tlve than the metal atoms,

L"

on Hydriding the hydrogen atoms become negatzvely charged.

The decrease in enthalpy that accompanies the charge

L)

transfer and the resulting electrostatlc lnteractxons are
important contrzbutlons to the enthalpy of absorptlon. These
must overcome the energy of thg H-H molecular bond and the
con31derab1e entropy decrease on absorption. .COnsequently,
in a stable hydride the charged hydrogen‘atoms cannot occupy
‘positions too c;ose to one another (80). Shoemaker and .

Shoemaker (80) have proposed the following eiolnsion’rule:

»

two tetrahedra having a,triangular face in common may not

both accommodate hydrogen atoms at’ their centres. By

enploying this rdle, Shoeﬁaker and Shoemaker have deduced a

s

maximum hydrogen occupancy of 6 atoms per formula unit for

the C1l5 structure and 6%‘atome(per formula unit for the Cl4

structure. This calculation is in goed agreement ‘with .
Tu

experimental maximum capacities (55-58 78).

e . Shaltiel (81) and Didisheim et al (57) have attempted

\

to determine which interstitial.sites are occupied by
hydrogen (oxr deuterium) atons. Shaltiel (81) has proposed
| a modified approach to the rule of reversed stability (22,

¥
N .
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23). In order to'compare the relative stability of hydrogen
a“oms—tn—deféerent—s&tes—o%—the—metalT—a_ualue—aH——at

assigned~to each site, which is the sum of the heats of
formation of elementary. (imaginary binary) hydrides formed

by the surrounding A and B atoms. The heat of formation of

" these hydrides can be deduced by using the theory of

Miedema (22,23), assuming each hyarogeh site is equally
divided between the surrounding metal atoms (this probably*
isn't true). The hydrogen will preferably occupyginterh
Stltlal sites with 1arge negatlve AH values. h
Didisheim et al (57) have calculated -AH' values for
the ZrVZ-D system and the values are plotted agalnst
hydrogen (deoterium) concentration in Figure 14. It is
evident that there is a greater tendency for interstices to
attract hydrogen'as the nomber of Zr(A) atoms surrounding
the site increases. Therefore the'Asz interstices are-
occupied first. At a critical concentration x', the A4H'
values for A,B, ahd AB, holes become equal. At concentra- ¥
tions greater than A’, there should be competition between
the two sites and both should absorb hydrogen. The By
sztes have small AH' values and ‘therefore' little or no
absorption is expected. These predictions are confirmed
experimentally (at least qualitatively) by neutron diffrac-

tion studies done on the 2rV,-H syetem (57,79).

2
Shaltiel's model, althgugh it offers gooé gqualitative

v L 4
agreement, neglects some 1mportant contribut;ons to stdbi-

lity (57). One is the weakening of the metal-metal bonds

* caused by 1nterstitial hydrogen (deuterium) and lattice
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+  expansion. This corresponds t@ the last ferm of the rule

o0f raver

electrostatic repﬁlsion of deuterium atoms, and the third
is the loss of stability due to a\ioss'in entropy.

*
There. are a number of zirconium based alloys of the

~

AB. classification, that are receiving considerable

2
interest. . These alloys have the general formula ZrBz,

' ‘where B equals V, Cr, Mn, Fe, Co 'or Mo. Hydrogen absorption

3 - :
decreases significantly with an increase in the 3d occupation’
number of transition elements (B} across the 3d series (55).
) /
The maximum absorption capacity of 2rv, is ~6 H atoms per

- , formula unit (57,58) while that of ZrFe, or ZrCo, is less

2
than 0:2 H atoms pér qu@ula (56). Zer, which absorbs the
most hydrogen of the sé;ies, is the only interqetallic in

‘thg 2r-V gystem. “There.are two phases presentlin the inter-
metallic, one hexagonal and the other cubic. Both phases
take part about equally in the hydriding piocess and the
basic,strucﬁufe is unchanged. Both’Zrzv2 and er3 siﬁes '

are inbo}ved in hydridiﬁg, althoggh the mg}e favourable site
R remains tbat'which presents the higher number of Zr neigh-
? bours (58). 2xCr,, like ZrVZ} absorbs large qqantitfes of
hydrogen, approximately 1.3 atoms per formula unit (56,583.

. It also exhibits no hysteresis and has an extremely low

' equilibriuﬁ pressure at room temperature. zxCr, has a Cl15
. cubic structure.and some of the cubic phqge transforms to

j/,g\““ﬁ a Cld hexaqpnal hydride, when the absorp%;on limit is

‘Mgpproached.,.The majority of hjhrogen.is contained in éhe

™ . 5t
~y b /

. t

. .

- ™
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Zr,Cr, sites with a small amount ‘in ZrCr3'sites. This- "

- . . .

LY

.important for\}AB2 compounds th
Shaltiel et a

T 4
(LTl ERE Ry

being reached at x' =~ 3.5, as discussed earlier (57).
¥ », Vo
The lntermetalllc, ZrMoz, demonstrates slow absorptlon

and Qesorptlon kinetics (56) . The amount of hydrogen

absorbed at even 10w.temberatures is o ly ~0.26 atoms H/
formula unit. As in the other ZrM2 compounds, no hys-
teresis is evident. The other three ZrM intermetallics,

i.e., ZrMn,, ZrFez, and ZxCo,, with the exception of

| .

'Zran, have hydrogen absorptions that are somewhat lower.

The hydrogen absorption in these ZrB2 Jompounds can be
related to their electron concentratlons (56) as shown in
Flgure 15, The plot shows that,hydrogen dissolution
contributes to electron concentration to the extent that
phases with 1o&er electron concentratign accommodate more

hydrogen than those with,hiéher electron‘concentratioh. -~

There is other evidence present in the. literature that

substantiates the claim thay el® nic factors are more

structural factors. Both

(62, 64) and Mende sohn and ‘Gruen (63) pregent

evidence of thls work done on pseudobinaries with Cl4 and
, ;

C15 structures. ° . . e

For £he Zré - ompounds, a method of raising the
\ L4
equilibrium pressure whzle maintain ng high absorpt;on levels
yt‘t\
is by the formation. of Pseudobinary compounds. Substituting

some " the V or Cr with"¥—or Co decreases the hydrogen
capacity some and significantly increases the plateaw
pressure (55,62,73,80). Many of the pseudobinary compounds,

. [
[
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i.e., Zr(Co Ml )2 and Zr(F?\?i < 2 form hydrides’ sultable

40£—storageT——Aet&vatxon—&s—only—necessaxy—ln—a—iew—cases———————

to initiate absorption. For compounds with M=V or Cr, the
. crystal structure changes, as a function of’x) from a

cubic C15 structure to hexagonal Cl4 and back again. For

* L4

the case where M = Mn, there is a change from hexagonal ' '

-

to cubic. Hydrogen absorption causes a lattice expansion

in these alloys and the following observations have been

made (55,62):° ' . .
1} The value of hydrogen capacity decreases as B
¢! increases; o o , . '

2) Compounds containing V show a sharb decrease in

hydrogen capacity in ﬁhe areas 0. < x < 0.5 and 0.85 <x < .
- .. 4 ! H
1.0; * . o g -

P

.3{/ Compounds containing Mniand cr do not have the

L

» initial sharp decrease as in (2), but there is a sharp

decreqse for 0.6 < < 1.0;

\D

4) Comparing ab orpt' capac1 ¢ of compounds

containlng Mn with those ntaining Cr xeveals relatxvely

-smal d;fferences‘for alues up to ¥ ~0.6;
5) Pseudobinariies exhibit hysteresis between,
absorptlon and desorpfion 1sotherms.

e cost and weight of zlrconxum, scome
\ (-

substitution has been investigated. Two such alloys are

1~ Xeran (64,65) and Ti, , 2rCr,.

The following obgservations have been made:-

+ ¢



4

i

? * 1) The hydrogen absorption capacity of the Ti,_J2r Jg:r:2

o
system increases lineraly with®w from 3.3 H atoms/formula
. L]

unit at x = 0.0 to 4.5 ¥ atoms/formula at x = 1.0; ~

-, #

3) &Hydrogen abgprption increases for (Zr Tl )Mn

from 0.3 H atoms/formula at x = 0.0 to 3.65 H atoms/formula
Fd

at x =0,4; from 0.4 <x< 1, 0 hydrogen absorptmon is
* Ny
~4.0 ‘H atoms/formyla; :

T N * " /‘

3) The (2r /Ti, . )Cr, hydrides do noj releaée all the
hydrogen upon desorption;

4) The (erTil_xTMnb hydrides release all absorbed

' ) . ’
hydrogen. - - . ,

r

A list of various AB& type binaries and pseudobinaries

LY

‘are given in Table 3 along with their corresponding hydrogen

-
)

absorption properties.
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' CHAPTER 3

Expenimental-Metho@s

’

-t

. 3.1 Materials - . ,
The alloys employed were made from high purity metals
which were purchased .in the varjous forms and purities
listed in Table 4. The zirconium and iron were received
in bulk form and therefore had to be cut into smaller piecesz
These pieces were subsequently cleaned of oil and other
contaminants by soaking in an agitated hath'of acetone
followed by an alcohol bath. The approp?iate amounts of
eacﬂ constituent were measured out on a microbalance prior

. -

to melting.

3.2 Melting and Casting of Alloys

The alloys wefe melted and cast in a vacuum arc
furnace ;t Atomic énergy of Canada's Chalk River Nuclear
Laboratories. A schematic drawing of the apparatus is ,
given in Figure 16. For each alloy the alloying elements
in th correct proportions weie.laiq out in éhe water
ﬁooled} copper crucible. A quartz cover was then placed
over the crucible and secured. The éhclosed chamber was
evacuated by pumping down with méchanical and oil diffusion
pumps. The chamber was then f£filled with purified, argon

' gas at a pressure 3? approximately_o kPa gauge. T@is
degassing/gassing-proceAure was repeated énd éhen the

furnace was pumped down to a vacuum of 1o‘§10'7 Torr.
The furnace was operated under an argon preséure of

-60 to ~40 kPa gauge.. An arc was st;uqk bétween the

[ +
-

29



thorjated-tungsten tipped tungsten electrode’ ana a pad of

pure 21rco;hum. The current was adjusted until a molten

b@"

pool of zifconium was established. The electrode was then ¥

moved Qver to the sample and drawn slowly across its

length and back again. The ;ap between the electrode ‘and
the sample was mainta%ned at between 1.25 and 2.5 cm. After
melting was complete;_the power was shut off and the sample
allowed to cool. The sample was then turned over and
melted four or five ﬁore times in order to obtain a uniform
melt. ,Twelve different alloys were cast, ranging in size
from 35 to 50 grams. The chemical formulas for each are

given in Table 5.

3.3 Hydriding/Dehydriding Apparatus

A hydriding/dehydriding apparatus was conetructed
éor the purpose of this investigation. The major component -
was the reactor vessel, Figure 17, ‘which was constructed
%rom a 2.54 ¢em.-I.D. stalnless stee), tube, 45. Ocm. in
length, fitted with stainless .steel, circular, end plates.
Both end plates were 7.0 cm. %a:diameter and 1.91 cm.
in<depth. The first end plate had two 0.476 cm. threaded
holes‘drilled; one througﬁ the centre cf the faces and the'
other th%ough!the edge to the center; from which a thermo-
cguple connection and a copper tubing.connection~respeci
tively were made. The second end plate had a-2.54 cm,
hole drilled through the centre of the circular faces ané

0

another 0.476 threaded hole drllled thrcugh the edge to

e

the centre. The end plates were brazed to the tubing ends

witbqsi}ggg solder. A cover plate was also constructed

bt
-4



_______————E6Ver—ptatg:s—dimensions—were—the—same—as—thpse—oi—the—end

>

31

- *

and fastened to the second end plate.with four bolts., The

'plates. Two.d—rings,lubricated with vacuum grease, provided

a good seal petweeh the two plates.

The reactor was heated in a horizonfal tube furnace,
equipped with a variac for-temperature control. Hydrogen
was fed into the reactor vie a stainless steel pressure
vessel, separated from the reactor by 0.476 cm..copper
tubing apd a'bellows seal valve. Gas pressures were
monitored in both the reactor and the pressure vessel by
means of pressure daugés. A vacuum pump and nitrogen tank
were connected between the‘reactor and the pressure vessel.
an outlet from the reactor vessel was prov1ded, which’ was
directed into a bunsen burner flame, to provide a safe
method of disposing of the used hydrogen. A check-velve:
was installed just before the burner to prevent back
flashing and a .flow meter egslused to regulate gas f}ow.
All the tubing utilized was|0ﬁ476 Cm..copper, while the
valves and fittings were srass. TQreaded joinés were
sealed either by wrapping with tefion tape or by applying
a teflon-based sealant, Copper.cooling coils, with water‘
aeting as the cdolant, were wrapped around the'ends of the
reactor in order to prevent the temperature at anf of the

joints from exgeeding %50°C{ i.e., the maximum service

L]

_température of the teflon sealant. The hydrogen used for

the experiment was super high pﬁrity, while the nitrogen

wag commercial grade. The entire hydriding apparatus is

-
[
”

shown in Figure 18. °
Co ; -
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Two types of crucibles were available for use as

sampie—hoiderev——ene—type—was—made—%rom—a—g%aze%—eeremic———jf——————
,materialf while the other was a nicégl-based alloy, see

Figﬁre 19, ’Each crucible pad-a capacity of ten grams and

both were iﬁpervious to hyqrogen pickup. The n%ckel-based

crucible was selected because of its better heat transfer

properties, i.e., heat in the exothermic hydrldlng reaction

could be extracted much more readlly.

3.4 Calculation ¢of Qpanéity of Hy@rggen Absorbed/Desorbeq
The amount of hydrpgen ebsorbed or desorbed by a v
1 sample, was calculated using pressdre-temperature relation-
ships. Sirce hydrogen behaves very nearl§ like an ideal

gas at lower tempertures, the ideal gas law was initially

‘f,~49q33med5
%

where 'P'ig. the pressure (Pa) in the reaetor, W'is the

PV = nRT : (3.1)

volume (m3) d?’tﬁe reactor, R is the gas constant ehd has
the value of 8.31441 J.mol-lK-l, ' is the abgoluée rempera-
ture (X) of the reactor and h' is the number of moles of \
hydregen gas conteineé in the reactor. , The above eguation
was.found to be valid at room tempereture, &here the ‘
tempereture was uniform throughout the reactor.

‘Before any calculations cduld be done, the volume
of the:reactor systemqhad to be obtained. This was
achieved lndirectly by utilizing the ideal gas equation.
Four different samples of the Zr(Co0 5Cr0 s)2 alloy were

employed. One of these samples was placed into the reactor.

A "
\ o -
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Following evacuation, a small quantity of hydrogen was

re%eased—anto—the—reactor_and_the_pressuxe_drQn_xesgrdgdL__ﬂ______ﬂ_
After each increment, the crucxble and sample were removed

and weighed on a microbalance to determine the amount’ of

hydrogen absorbed. This brocedure was repeated for the

otherjthree samples. From the ideal gas equation, the volume

of the reactor cPuld be deduced as:
' , Vv =AnRT/AP .

. The results of this procedure are shown in Tablefﬁ,

showing that a reproducible volume of 209.050.2 cm3 was

attainable. This volume determzna on technique also

i"’\

demonstrateS the validity of, the 1dea1 gas law for hydrogen

3

at room temperature.
& 7 .

The volume of the reactor will change slightly

~

dependiné upon sample size and also due to thermal expan-

sion,” Both of these effects are small and in fact the

--fupr‘ e di frerence dué’to “sample siZe varlablllty is con~"7 ~

- - - W e e an o = mm kR - W Ee mm— & mmAr e -

siderably les§ t Haﬁ"i%}”TAﬁbeﬁdix'Af' __Conseguently, a

- r—— 3

- ra e —

constant volume can be’ assumed for the’ reactor system,

e G USS EK W M o e -

P i ——— W W W

The 1dea1-gas~&aw~was not applicable at hlgher tem~
peratures for thzs system, since there were temperature
varlations. These variations were due to the fact that the '
entlre reactor system was not contaxned 1n ‘the furnace and
that coolxng coils nsar the end plates induced temperature .
gradlents. Conseauently, an empirical equation re%atlng ;
pressure, temperature and volume had to be derived.
it‘yas‘assumed'that any deqiatiou Erem-ideality was

due ‘to a constant change in slope and not to a deviation

x . T



from linearity, i.e.,

i R.
' P-av

nT + B _ (3.2)
wheré'&.is an empirical correction factor'ang 'B' is the inter-.
cept.,  The validity of this equation was testeé. At room
tem;;rature, a, predetermined amount of hydrogen was let
into the reactor, i.e., calculated from the idéal’gas
equation. The reactor was heated slowly to a maximum
temperature of 570 K. At selected iﬁtervals both the.
temperature and the pressure were recordéd. This procedure
was repeated for a number of diffgreﬁﬁ initial pressures
and all the results were tabulated, some of which aré
shown in Table 7. The vélués for each pressure-temperéture
experiment wete plotted and each gréph was found to exhibit .
a linear behaviour with a slope change.at'between 415-425 K.
Figure 20 shows the plbts_for two of these"curvés. The

slopes were calculated for ever& curve and from Equation

(3.2), the value of 'a' could be calculated, i.e.,

(3.3)
or

. e . ag\m

(3.4
where 'm' is the slope of_thg\pressure vs. temperature dirve.

The values for 'a', for the above two curves, are shown in
T;ble 7 and the mean values were‘caiculated to.be 0.4415£5%
for the 290 - 420 F temperature range'ané.0.3532i % for .
_ the 415 - 580 K temperature range.

" In order to complete the derivation of the empirical

4

- . ¥
* *
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relatlonshlp, the intercept @) had to be found. It was

.

observed that there was a-distinct relatlonshlp between

~ g
~

the number of moles (n) and the intercept (B). The ratio

of ' from one expériment to 'n' from another experiment was
equal to the ratio of B's from the same two experiments,

+ - “o.

i.e.,

L1, (3:5)

(3.6)

»

Hence, -
¥

B = 6.767 x 100 (290 K. < T. < 420 K)  (3.7.2)
or g

B = 8.088 x 1050 (415 K. < T < 580 K) . (3.7.Db)

Pherefore the final empiricai relationshipsurelating

the pressure, temperature and number of moles of hydrogen

.

jas were: \
p = (1.756 x 108 T + 6.769 x 10°)n (3.8.b)
(290 K < T < 420 K)
and Pe (1.405 x 107 1 +.8.088 x 10°)n (3.8.b)
. (415 K < T < 580 K) '
- "? . ,?.
Both of the above equaﬁions were tested with - -

addltional expermmental runs and the agreement was qulte
good. It should be noted that these equations are Only
valid for the heating cycle and cannot be' applied during

the cooling -cycle. Cooling occurs relativeiy rapidly and
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therefore pressure gauge response time can be a factor .

3v5——ﬂydradrng#nehydrldrnguzrocedure

»~

DS

ps

Each of the prospectlbe hydriding alloys was tested
for its ahrllty to store hydrogen. HYdrrdlng and dehydrrdrng
capabilities were examined on a.quantitatiﬁe basis, while
contamination effects were studied qualitatively.

%

A typical hydriding procedure was initiated by.crushing
a 2-7 gram sample in a pestle and rortar. Because these
alloys are ertremely brittle, this was achieved with very
little difficulty. The sample was then weighed out on the
microbalance and inserted into the horizontal reactor
vessel at approxlmately the centre of 'the furnace area. The
reactor was evacuated down to a pressure of -100 kPa —
gauge. Nitroqen"qas subsequently f£lushed through the reactor
(for about 15 minutes) in order to force out any remaining J
air molecules. The vacuuming and flushing procedure was
carrled out again before final evacuatlon. A small aliquot
of hydrogen was réleased into the reactor from the pressure
vessel. The initial pressure in the reactor was recorded
Any'pressure drop, due to hydrogen absorption, was noted
and the final 'equrlibrrum' pressure was also recorded. This *
'equrlxbrlum' pressure was taken as the pressure reading
after flfteen minutes had passed with no discernable change
in pressure. Additional aliquots were added and the same
procedure repeated. The maximum pressure range, available
ror study was from -100 kPa gauge up to 400 kPa gauge.

The amount of hydrogen absorbed in terms of moles of Hz,

hydrogen to metal ratio.and weight percent was calculated,

— - - - .
- - [UUURUSPI,



' . 37
tabulated and plotted on P-C-T diagrams.’ ’ .

In .the dehydriding procedure, the reactof was flushed

through with hydrogen for 10-15 minupés, after wh%ch a hydro-
gen pressure of 0 kPa gauge ;emaihed. This fluéhinghwas
carried out to further remove any gaseous impurities, as
ﬁost:zirconium allo&s are susceptigle.to oxidgtion at higher
temperatures. The-reactor was then slowly heated until the
méxiﬁum,amoﬁnt of hydrogen could be desorbed; Tpé tempera-
ture of initiél desorption was noted and the éuantity‘of
hydrogen desorbed JLlcqlated.' .

If the prospective alléy‘absorbeé and'desorbéd,hydro-
éen in the first cycle, other cycles, ué to a maximum of
'fifteen, were attempted.;$£ﬁ, however, ﬂgdrogen was not
absorbed in the fiést cycle, an activati%n procedure was
tried. _This procedure consistea of heating the alloy sample .
under a hydrogen atmosphere to tempgratures of aPproximately

§3h°c, for..one hour followed by coolihg to room tehperature.
If this failed,.another similar activation attemph was made,
except hydrogen wag flushed through the system at 300°C for

one hour.

3.6 Metallography,
by

| 3.6.1 Sample Preparation™ Co

The annealed alloys were sectioned on a 1ow-s§eed

diamond saw and thep’mounted in cold resin. The spec}menﬁ
were wet polished an silicon carbide papers éf 240,i§50,
'906‘and 600 grit fo%lowea by pbliéhihg on 1.0 micron and
0.05 micron alumina wheels; The saméleg wére also swab

etched using a solutien of 60 parts H,0, 30 parts HNO,

L

)“’\.1
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and 3-4 parts HF. These sgé&imens were then examined

e

. .
using optical migroscopy and x-ray diffraction.

’
Sy, Fhad

3.6.2 . Optical Microscopy.
‘v ’ N

Each specimén was examined on the Leitz optical

’

microscope at various magnifications ranging from 50X to

500X. The microstructural characteristics were studied,

-

‘ to determine the effectiveness of the jhomogenizing heat

¢

‘treatment. The samples were viewed under both bright fie}d_v

- ) " *
and polarized light illumination. ' B -

. A — -

3.6.3 X-Ray Diffraction ' .

A Phillips x-ray diffréctomqter with a proportional
counter‘@géection head wés'employed for the identiﬁication
0f the phases pfeseht in each of the alloys. Either |
gréphite ménochroyateq,CuKaﬁbr graphite mqnochrométed MoKa,
radiation at 40 kv and 20Ma or 54 kV and 20mA respectively
was uéed.m A chért recorder was‘gtilized to rgcord:the
diffracted beams. Phase identifiéatiod and lattice para-
méter caldQlatiéns were accemplished thxough data’ from the
ASTM Diffracpion Files. Appendix B containg the diffraction

file cards relevant to this investigation. .
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The exact amounts of each phase were difficult to determine,

f

4.1 Microstructure

After annealing, the microstructures of the samples

were examined by optical metallography. The microstruétures

- ol
e

es characteristic of a cast structure, 1 q.,

n

shoyed fea

'the presencenof dendritic grains, suggesting the possible

need for some ‘type of thermomechanical:homogenization treat-
ment (Figure 21). All of the samples appeared to be twe-

phase, with dark end light etching regione. The iight areas
tended not to etch-very much. The two phases, according to

x-ray analysis, vere the cubic and hexagonel Laves phasee.

due to'éverlqps of the x-ray diffraction peaks. In some
alloys, namely Zr(Cro 4%%. 6)2,'Zr(Mn0 5Co0 5)2 and

Zr(Fe0 5Cr0 5)2, there was a digtinct separatlon of the

phases in the sample, which may have been due to composztlonal

variations (Figure 22). Limited comparative composmtional

*analysis was done on 2r(Co, cMn) ),, using the SEM and

!

x-ray analysis system. Althoéugh no absolute compositions _ _

b e oty S

were determ;ned, no dlscernable compositlonal Varlatlon was

detected between the dark and light etching régions. In two

of the samples exhibiting the phase separation, a rim struc-

»

¥

ture was preéent between the two areas (Figure 23). This rim |

s -

was made up of the same gstructure as the matrlx in the. two-

phase region and resembled the pearlitic structure obtained

"

1n nérmal;zed steels.

A
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4,2 Hydriding/nehydriding.Characteristics

Before any hydriding was attempted, the allovs were -

subjected to a homogenization heat treatment. Because of
inadequate evacuation or improper sealing of the quartz

tubes, all the samples became oxidized. Therefore, althougp

unintentional, the eifect of~contamination\on the.hydridipé/
dehydriding properties became another factot under consi-
deration in this study. - “ ‘ ‘

0f the "four groups ofval o : studied, the series of °
alloys of the type Zr(Fe’Cr1 x)2 produced the best overall s,
results. These alloys exhibited excellent kinetics, w:.thﬁ
hydrogen being absorbed quite readily within a few Qinutes
ot exposure to the gas. One observation common to all
allcys that absorbed any hycrogen was the fiacturing of the
original coarse particles (1-3 mm in diameter) upon absorp-
tion. The result was a very fine greyish-black powder,
containing the absdrbéé hydrogen: The alloy with the high~
est chromium content (x = 0'4) absorbed the most hydrogen
of the three, obtaining a maximum capacity of 0.93 H~atoms
F.U. -1 after sevdh hydriding cyc;es. The P-C~T plot for .
this system is shown in Figure 24. No signs of cyclic
degradation were evident. Once the maxiﬁum capacity was
realized, the hydrocen capacities obtained during the
ensuing -cycles remained essentially constant. TQe ot?er‘ .
two alloys‘in this series, i.e., Zr(Feo 5C% ?)2 and
Zr(FeO.GCrO.4)2fattained maximum capacities of 0.83 &hd

0.79 respectively. These maximum capacities were attained

* L]
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| / during the initial hydriding cycle for both materials. The
) : . . ) .
—;7——7—————P-G-$—p%ots—for—these—a&%oys—are—showp—in—Figures—%S—and———————*
/ ‘ ’, 26. The Zr:(FeO.SCrO'S)2 alloy displayed signs o? rapigd.

degradation, of the order of 50%, during the second hydriding

*

cycle. However, gradual recovery followed in the next five

c&cles, until 91% of the oxiginal capacity‘;as reached : N

(Figure 25). For the Zr(Fe0 6Cr0 4)2 sample, gradual

degradation oceurred'after the initial c&cle until the sixth

cycle, whereupon the sorption‘decreased rapidly.*:A‘reduc-

tion in so;ptiog capacity of approximately 40% occuired.

' The plateaa pressures, for' the Zr(Fe Crl x)2 system,
increased with incgeasing 'xf.* The desorption capacities

L]

for the three materials were in the 75-77% range of the
quantity absorbed. This figure was gpprogimatel& constant‘
regardless of the amount absorbed in‘the hydriding eycle.

It was not possible to measure‘the exact temperature for I

desorption, although 90% of the hydrogem-was desorbed at

f
L .

temperatures of less than 260°C.‘
The series of ailoys of the Eype Zr(Fe Mn, ), showeg
in‘general, poor hydriding/dehydriding characteristics.: A
number of samples of each alloy eere tested and, in most
(/ instances, activa%ion was required befo;e any absogption
;as obtalned. The maximum hydrogen capacities for ®
2r (Fey aMng 6)2' 2x(Fey gMng ), and Zr(Fe0 6””0.4)2 were
0.243, 0.150 and 0.118 H-atoms F.U. 1, respectively. The
klnetics of these materlals were very slugglsh even after

a number qf cycles. The desorptxon capaclty was: about 80%

*'Plateau’ pressures are not true plateau pressures in
the sense that a two phase region is obtained. A 'plateau’
in this work refers to a relatively flat portion of the

"'C"'T curve.
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¢ . f‘the absorption capacity. Upon examining each sample on

_q_________remonal_from_£he_reactor+_tnn_dlstlnct_partlcle_s;zes_were

,ev1dent. Part of the sample consisted of a flne powder,

-

41
which was the. hydrlded portlon. The remainder of the sample
was made up of the original coarse partlcles, suggesting
>’ that the actlvatzon procedure was only partially effective.

In a number of 1nstances,-upon removal from the reactor the.
St €

.

eeamples ignited;y leaving a féllowish—black residue .after

combustion.

The group of alloyeﬁp?’the tvpe, Zr(Coanl_x)z, demon~
strated a substantial decreasglin hydrogen capacity with .
N - +

increasing 'x'. The material, Zr(COO 4Mng 6)2; achieved a ,

‘s

maximun capagity of 0.91 H-atoms F.U.71, while 2r(Coy gMngy &), .

and Zr(Co0 6Mno h)z only realized ﬁaximum capacities of

*

\0 39 and 0. 28 H~atoms F. U.rl respectively. Th Zr(Co0 4 0 6)2

sample exhxblted excellent kinetics, absorb (¢ hydrggen

R )

w1th1n a few mlnutes of exposure to the gas. The maximum

P

hydrogen capac;ty was attained after flve hydriding cycles

and the capacity remained reiatively constant_with further -

.
+ 1 L4

cycling., Desorption capacities were approximately 75-77% of
the!amount ahgprbed and most 5§hthi§ quantity‘could be
desprhed at teﬁperatures betheen 150 and 175°C. The kinetics‘
of the othef two alloys was guite siuggish while the amount
o desorbed was substantially less than 50% of the abeorbed

.~ quantity. The two ailoys ign@tedaupon remoYal ﬁrom the .

™

reactor in the same manner as mentioned préviousl&.
The fourth group of alloys, namely the Zr(éo¥Crl_x)£‘
3 . * '

]
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type, vielded results similar to the zx (Co Mnl x); system,

The Zr(Con 4C¥n (), sample (the 1owest x! value) showed

 excellent kinetics and reached a maximum hydrogen capacity

=l after five cycles. The

of approximately 1.0 H-atoms F.U.
P-C-T plot for this sample:is shown in Figﬁre 28. A number
of specimens wére.sested because of inconsisten; results.
All the specimens absorbed large quantities of qurogen;
however, some specimens eﬁhibited signs of cyelic degradaﬁ*on.‘
Desorption, capacitles for this sample were lew in comparlson
to the other high hydrogen capaclty alloys. A maxlmum value
of 65% desorption was obtained. Most of the hydrogen was
released at temperatures under 200°C. The‘other two alloys
in :his seriest i.e., Zr(Coo‘.SCrO.S)2 and 2 (Co zg. 4)2,
in general, demonstrated no affinity so hydrpgen even after
2-3 activation attegpts. A number of specimens of both alloy
types were tested, aﬁd, in all cases but one, no hydrogen

was absorbed. In one iﬁstance, the i;(COO 6Cr0 4)2 alloy'
absorbed hydrogen to a maximum capac;ty of 0.370 H-atoms-
F.U. l'with an 80% desorption rate. *

‘ e |
4.3 Phase Identification: X-Ray Analysis

The alloys studied were all two phase materils.
These phases, ss determined by x-ray analysis were cubic
eﬁd hexagonal Laves phases., The lat%ice parameters of the
two structures were calculated for each of the alloys-and
are'listed‘in Table 8. The calcula%ed 'd' spacings and the

corresponding diffraction planes, for each'allby,are given
=’

- ip Appendix C.
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The five alloys, which haq_high hydrogen capacities

(B/M > 0.75), were also examined using x-ray analysis, Aall

five materials exhibited increases in lattice paramgters
with no apparent phase changes. The lattice parameters for
these hydridéd alloys,‘albng with their origingl la;tice
par;meters are shown in Table 9.; THis table also lists the
percent chaﬁge in the original lattice parameters. Tﬁe‘ .

calculated 'd' spacings for these hydrided alloys are given

in Appendix C.



CHAPTER 5 =~ ’

- Discussion [ -

All of ‘the a%;oys, as reported previously in the
sections concerning microetrudture and X-ray analysis, are
bélieved,to be two-phase. These phaees are the‘oubic and
hexagonal Laves phases. There is some degree of uncer-
tainty in identifying the phases present because of x-ray
. diffraction peak overlap. However, it éppears certaih
from the optical microgréphs that two phasee do indeed
exist. Shaltiel et al (55), Fhe only authors to report
data concerning theucrystal structures of these alloys,
have also detected more than. one phase in these compounds.

‘ Shaltzel's crystallographlc “data for single phase mater-

R ok e — . v e e w - s m am

- -k

ials (those employed for hydrogen ‘storage’ studleg) compare

) - o -

yell_w;th_;hose calculated in this study for one of the two

THRS e o et MM fda S e el R s S n o = e moew ok mm o ke e

phases prasent in each sample; Table 10.. A two-phase’
microstructure could result because:

. 1) Most ABZ compounds are allotroplc (84,85). A‘
number of AB2 compounds can ex;st as elther the cubic or
hexagonal phase at room temperature, e.g., Zrdrz.
somé phase transformation to the other Laves phase may

F

Also;

have occurred during the homogenization treatment, leaving

. "

.a two~-phase microstructure; \

I

2) COmposi%ional“variatioﬁs exist within the samples.
" An abundance of one element, in an area of the sample, may

cause the preferential formation of a specific phase.

. N t
v "

. —— - - o . -
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Of these two reasons, the firét,_i.e., sample

a1lotropy7—appeara—to—be—the—more—likelyrsince—composL-
tional variatiéns are miniéal,_vith each sample having
been melted at 1eaét five times. The limited composi-
tiopal analysis done on the Zf(Cob.sMgo.s)z sample shows
no discernable compositional variation between the two
'phﬁses. Compositional vaiiati;n is also ruled out
because pﬁ:the éood overall agreement withFShaltiel et
"al's results (55). The selection ‘of material allotropy
as tﬁe ovarrihing cause for a two—-phase structure agrees
with other work on pseudobinary ébmpounas (55-63) and
hydride stability (22,23,62,79,81) which will be discussed
in the following paragraphs. - o T

The rulekof reversed stability, as proposed byg
Miedema (22,23), states thasrthe moxre stable the binary
intermetallic cdhpoung one starts with, the less will
be the tendency to fof@ stable hydriges. This rule of
reversed stability has been extended to individual inter-
stitial sités in Zr32 compounds (62,79,81): The;e afe ‘
three typeé‘of interstitial sitesrin thg AB, lattice,
i.e., A,B,, AB, and B4,‘although only the A,B, and AB,
sites have..been found to tggg up hydrogen (77,78). The
site names a;e defivéd froﬁ the atoms immediately sur-
rounding the .site. Shaltiel et al (79) have calculated loéél_
hgats of formation.(ﬂﬁ'), based upon Miedema's rule of

reversed stability, for each different interstitial site,

by summing the he@ts of formation of the elementary'

L ]
L3
-
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llmaglnary binary) hydrldes.formed by the A and B atoms

surrUundIng—the—Stte———A—itst—of—these—ﬁH~—va%ues—£oh

relevant A32 compounds, ZrCrz, Zran, ZrFe2 and Zr002
are given in Table 11 (79). It should|be noted that the

calculation does not include‘the heat of formation of

Ir

thefinitiel compound, (i.e., the negative component of
the rule of reversed stability). As is evident from .
Table 11, the AH" values in all instances are lower in -
magn:.tude for ZrF92 and Zr:(':c."2 than for Zr(!r2 and ZrMn
This léads to the conclusion that hydrldes J!E formed
more readily with ZrMn2 and ZrCr2 compounds, with lower
'platteau.l pressures, than witn either ZrFe,. or ZrCo,
compounds. If some of the ér(Mn is substituted with

Fe “(or Co), a lower AH' value Zinmmggéighdéi-%éﬁfaﬂpééﬁgf
for any. 1nt§;§titxéf—§69;t:{nﬁ This lower Value would

—— ——— it e

correspond to a higher 'pl teau’ pressure, ana prebably a

—— b - -

— - - e -

lower nydroggg“gppaCLty. e e e e e e -
. In addition to the above, it has been suggegted,

that hydrogen capacity is mainly a resn;t of zirconium

local environment (62,79,81). This local environment is

the nearest neighbours of the type B or B" for a pseudo-
bipany.with tne formula, Zr(Bxﬁii_xf;a The crystal ’ .,
structure, eithefkcubic or hexagonal; would have no effect

on hydrogen absorptlon, s;nce the number and type of

nearest and second nearest neighbours are the same and the
2r-8 and Zr-B' distances’ igziessentially constant. .

'The crystal’ struct as predicted above, does not ¢



appear to have much effect upon~hydrogen cap;city of the

‘alloys studied. Upon h&dr1d1ng, Rydrogen occupies intexr=

stitial sites, ca?sing an increase in the lattice parameters.
]

The volume changes resulting from hydriding are approxi-
mately the same,‘ﬁorbbéth the hexagonal and cubic lattices
kTable 12) and, in general, increase with hydrogen capacity.
The addition of Fe (or Co} to Cr (or Mn) decreases hydrogen
capac;ty and increases the plateau pressure (Flgures 29 and
30 and Table 13). This, agaln, is in qualltative agreement

with the predictions of the modified rule of reversed

. stability. These results also lend some credence to the

the same for each crystal structure.

reasoning thaé the two-phase microstructure is due to sample’
allotropy. The two crystal strictures, because of constant
volume expansion upon hydriding, must be of approximately
the same composition. This %dea would also fit in with the
predic;ion that hydrogen capacity is not dependént on
crystal stfucture, but on zirconium local environment. The
zirconium local environment would be'the same for both' the

cubic and hexagonal Laves phases, if the‘compositigns are

The maximum capacities, reported here, did not compare

quantitatively with those reported

In all cases, the maximum capacities were lower than those

reported in the literature. The oxidation that occurred

' during homogenization more than likely-[had some poisoning

effect upon hy@riding‘propefties. The \degree of poisoning

depéndeé on the alloy. The 2x (Fe,Cr, _.) \alloys demonstrated

good ‘resistance to poisohing, with hydrogen Qpapities’

approaching those found in the 1£terature.' The dthg?ialloy

.. .
» *
.. . LA
- - - N
-vﬂ L

lsewhe;e,TabIe 13 (55,79).

4
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groups, in general, appeared to be severely affected by

oxidation, except for two compounds, i.e., Zr{Co

0. 4“*0 6 2
and Zr(cO0 4Mno 6)2 These 1atter two materials exhibited

hydrogen caPaCities of the order of 1.0. Evidence of poi-
soning is shown clearly ‘for the Zr(Co0 5C . 5)2 alloy. 1In
the experimental section, non-homogenized (no oxidation)

w -

Zr(Co0 5 samples, were utilized in the reactor volume

To.5)2
calculations. These samples absorbed hxdrogen\quite readily,
with hydrogen capacities of H/ﬁ > 0.5. The annealed samples,
on the other hand, absorbed no hydrogen even ‘after’ two -
activation attempts. ‘The effect of contaminants on zir-

conium binaty and pseudobinary compounds has not been

reportéd,elsewhere. However, other hydriding alloys, for .
'example FeTi, are susceptible to poisoning (28,29,38,56,57,.

‘58,59). The reaction kinetics and hydrogen capacity -are

decreased substantially in the presence of 02, H,0 and Co.
The difference id’maximum capacities between the

results presented here and in the literature, can also be

he t .

attributed to differences in hydriding pressures. The
maximum hydriding. pressure available for this study was
400 Kpa gauge. Pressures. of 4000-6000 KPa gauge are reported
in the 1iterature, consequently higher capacities can be
attained. However, the true useable portion of the P~C~T
diagram only extends up to a few hundred kPa; as this‘_i‘s"""J
the relatively flat portion of the curve. - ‘. .

A phenomenon common to all the alloys studied is
incomplete desorption. During the desorptich cycle only
65-80% of the stored hydrogen is released. This type_of

behaviour has beén reported previously for only one

<
'
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. zirconium pseudobinary, (Zr T1 )Cr2 (61, 62), although no

*eason—has—been—gmvenT__Incomplete_desorpt1on_has_also_heen_________

e

observed for the LaN;S compound (43) and has beeh attrlbuted
to the formation of‘a stable fixed hydride. This, explana-
tion may have some merit when analyzing Zr(B B', =), com-

pounds. The equilibrium pressures, even for the higher 'x'

values, are quite low at lower hydrogen concentrat{ons.
COnsequently, a very stable hydride, requiring high tempera-
tures for subsequent release, may be formed If this is
indeed the case, then the actual useable hydrogen capacity

could only be considered as that amount that is cyclable,

i.e., the maximum amount of hydrogen absorbed mlnus the
quantity retained after desorption. - ' ’ .

o
Y £
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_CHAPTER 6

Conclusions

/ 2 ’ : *
. . .

i) The alloys utilized in this study, i.e.,

Zr(Fe C& ' Zr(Fe Mn. )., Zr(Co Cr and 2r (Co Mﬁ_ )

1- x)2 1-x"2 1- x)z -x'2
‘(x = 0.4, 0 5,0.6), all had two phase mzcrostructures. The
phases were identified as the cubic and hexagonal Laves B
phases,

2} The hexagonal and cubie Laves phaees appeared
to be of'the same composition . ' '

3) Hydrogen absorption increased‘the volupe of the
unit cell without changing the lattice structure. Con- -
sequently, hydgogen odcupied interstitial sites in the

lattice. ) This increase in unit cell-‘volume is roughly

prop rt’onal to the hydrogen capae;ty. Sy,
, Hydrogen capacities and hydrlde stabxlltles
decreased with increasing 'x' in all cases.

5) Hydriding propertiesf in general, were-affectéd
by oxidation in varying degrees. Hydrogen capacities were
reduced substantlally in most cases, although Zr (Fe Crl x)z
(x = 0.4,0.5,0. 6), Zr(CO0 4cro G)é and zr(Co0 A, 6 2
exhibited good poisoning reslstance. Hydrogen capacxﬁies
for these alloys approached or attained 1.0 g-atome FuU.—l.

6) Both'naves phases, presene ih e alloys, "
hydrlded to approximately the sam lev 1.

) 7) Complete désorption was nd{ obtained fog any of
the‘alloys. The amount desorbed was in the 65-80%)range

of the qqantity,absorbed.
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‘ CHAPTER 7;

\ ’ Future Research ) ¢

»
] ’

Further regearch is required on these pseudobinary

- L]

compounds in order to learn more about their kinetics,
" cyclability, capatities and poisoning iesistance.
l) A new hydriding/dehydriding apparatus should z

be constructed, or at leasﬁ the 0ld.one modified . A

schematic draLin oé a new proposed apparatus is shown in
| . .
Figures 31 and 32. The entire system would be constructed

of stainless Lu ing, valves and fittings. The system

would be able’co withstand hydrogen pressures in excess °

of 6000 kPa. ynamic pressure measurements could be made

‘/ , -
with the aid/‘f pressure transducers, enabling kinetic

studies to be undertakeén. A very sensitive furnace, with
. . . *
an automatic;tempefature coniroller, would allow desorption

‘isotherms to be obtained and hysteresis effects to be

+
|

‘studied, |

2) flhé.effect of congami; nés Ln hydridigé proper=
ties could bhe further studie@. ydrogen of varying
purities fi(c;'o ‘taining known gquan ities of 0,, H,0, CO, etc.)
could be utilized in_an'attempt to better understand the

purities. . . s

’
' -

well as desorption capacities, need to be examined'and

. . 2
obtained. This would give a better idea as?Fo«the\Rrue
cyclablé hydrogen capaciEy and optimum desorption tempera-

—

tures.

4
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4} ,The effect of microstructure on hydriding

prnpertiesuconld_he_inxegtiqatedi The numbex and type

of.phasés, phase distribution and grain size may affect
hydriding kinetics and capacity. ,

5) 0the£ compositions of these pseudobinary alloys
as well as substitgé}on-with other allo¥ing élemeqts would
be of interest. Hydrogen capacities, 'glateau‘ pressurés
and alloy’éost wquld be varied with element substitution.

6) In situ hydriding stuéies would be extremely
useful in examining activation effécté, hydriding and
dehydridin? @echanisms, poison;ng effects, etc. This could

be achieved by hydriding inside a high voltage electron

microscope. 'The actual hydriding/dehydriding process

could be viewed while it is happening.

’
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Table 4

! p

"

List of Metals Used, in the Forms and Purities Received

L3

Element Purity (%) Form
., zZirconium 99.9 Ingot cgystal Bar
Tron o 99.95 5/8" Rod '
Cobalt Q 0 99.9 :Bro#en Cathodes
Manganese 99,99 .Flakes
Chromium 99.999 Pellets
‘ |
5 .
$, N

oot
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Table 8

¥

L

Lattice Parameters for .the Twelve Alloys

-

_Ailéy_- - Lattice Parameter.
. Hexagonal | cubic
‘ tat(a) | rer(a) 'at(a).
) Zr(F?o.4Cro:6)2 5.05 8.26 *7.20
ZFkFeO.SCrOOS)Z 5.045 ‘8.20 7.12
Zrtpeo.scéo.ﬁiz 5.02 8.22 7.01
zr‘iﬁo.4ﬁ“o.6’z 5.012 8.19 7.02
2r(Fe, Mnj ), 5.03 8.19 6.96"
2r(Fe, cMn, ,), 5.00 . 8.166 6.93
Zr(go;.40ro.6)2 5.04 8.25 7.14
Zr(Coo.SCrO:.S)2 5.01 8.18 7.07
2x(Coy (Cry o), 5.025 8.18 " 7.07
Zr(Coy 4Mny o)y 5.00 " 8.19 7.05
z:c(c<>0._,,z~mc,_5)‘2 5.00 i '8.16 7.685
2r(Coy Mny ), | 4.97 8.14 7.03
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s Figure 6

. PR

Atomic cells in an intermetallic cémpound °

of two metals, A-and B, with and without

hydrogen present. The atomic cells of
hydrogen are indicated by Broken lihes.

' upon hydrogen abscrption, the ldttice is

' {ncreased, which is not shown:.here.(22).
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Also shoWwn are—tetrahedral (e) and octahedral
o

assdhet

L

a_ciesﬁ (A) (37). .

hydrogen sites and their possible

L}



.G.l—v

82 .
ty f -
- I - )
+*
227 !
20
18+ :
[
s
[ ]
N
)
]
[ ] 5
o
u -
(-9
e
o
8_ -
M
]
]
T g-
6- o=
* “'
. » ‘ ’2- »
T Y A SR
' Bydrogen to Metal Ratio (at H/mol LaNi,} _
. * .
Figure 9' P-C-T plot for the LaNig-H system (39). °

Note that hysteresis is small at low

-temperatures. .

.

(—

=

C1y



-

-

£

100+

LB

104

=
a
-
§ «
4
§
x 14 .

P r Y T T r

0.2 0.4 0.6 o8 10

“. wimm) -

- -

3

1



u , ’
V‘ . +
) . . ¢
. « ~ *
* .
1
[} - ' O L]
. . *
AY : NN '
- i
' - . :
- ¥
~ 0 s . S
. ’ . ) )
- | .
- o Tw349°C ! :
. 10 . . ] * Ta
™ [ ' -
: { ; . I, )
. Te32cC i .
-, B 1 .
5 ) / L | A
aQ ) M
: g T=208°C | :
/] aul Y N g
i ‘ .
- v ' ' . ’
2 .
a ‘ t
= N o ' . “ ’
‘ ° ' - *
. ) § 1.0 .
3 . Lt . .
s B . ° : .
. g
. . . Do, v
. R
. o 0.2 _0.4 Q.S 0.8 © 1.0 1.2 1.4
*Composition, H/(Mg + Ni)~
. ! ; [ .
* " | “
o . - » ,
! . 3 i v
» ” ‘ £l

" . . N

Figure 11 P-C-T plot for the Mg,Ni-H 'system (16).

[
- ]
v
» []
. M .
’
. LN . .
.
.
. ., v
.’ .
’
s
.
w .
P .
. .
' . -
« " *
. * N ‘ ' .



A atoms are shown as open circ
B atoms as ‘solid ones. .The three types of

-interstitial sites are. given: a) By sites,
b) AB, sites and c) A,B, sites (8l). |
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AH (keal/mals Hyl

, HYDROGEN CONTENT; X

s ¥

function of the hydrogen concentration are .
‘shown for the three 'types of tetrahedral

sites in ZrV . At the concentration ~2.5,:

the 2~2 (A 2) and the 1-3 (AB3) interstices
are competitive with respecﬁ to hydrogen
occupation {62). .
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Photogr§ph of
alloy (right)
study. )

the ceramic (left) and nickel-
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Calibration curves for determining the
relationship between. pressure, temperature
. and number of moles of gas :in the reactor -

‘system.
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The two curves shown are for the
5th and 6th experimen®al runs..



Figure 21 Optical micrograph of the microstructure of
' . the 2Zr(Feg,sMng.s5)2 alloy, -showing the two-
phase region and the difference in etching.

. istic ©of a cast structure.

L

Also evident are elongated, grains, character- -
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the rim structure en the phase
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of the two phases, finely distributed,
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APPENDIX A

Calculatlon of the Effect of Samgle Size on
Reactor volume ,

1

Atomic weights and densities were utiliged in

cslculating the volume occupied by a hydriding sample in

the reactox system. Calculations were done on one alloy
type, i.e., Zr(COO 5Cro 5)2: and it was assumed that this

- . would be representatlve of all the alloys employed 1n
this ;esearch. The atomic wexgbts and densities ‘for

zirconium, chromium and cobalt are given in Table A,l and

* a typical calculation is shown below:

1) geleculep weight of Zr(COO 5CZy. 5)2&
-

= % atomlc wt 2r + L*atomlg wt Cr
- . l v . *
+ T atomic wt Co

,/l(’h\\ e S

' /a (91.22 +~51 996 + 58.93)

\ = 67.382 g/mole RS
. \\\ B
‘21 ’Depsity of Zr(COOOSCrO.S}2

4
i

wl

3 dengity Co

1}4£»density Zr + 3

R ' SN R R

. <§ ensity Cr
1 ¢ 4o+ 3 20 '

= 5 (6.49 + 7.20 + 8.9) P ) ‘
. 3

= 7.53 g/em

. T ='7.53 % 108 g/m°

. los

PL]

x e o
.

»
~




¢ e “ .
. )
. .
.

109

3) Volume of ZrltcOO.SCro.‘s)2 per mole I

molecular wt
ensity .

- 67.382 q/mole P .
= 7.53x106g/m? :

= 8,948 x 10 °n’/mole .
: -6 3, D P
= 9,0 x 10 m /mole (9.0cm”/mole) .
. 4) The maximum amount of weight devia ion is 5.0 grams,

hence the maximum volume change

)

- - ’ -6 b \5 g '. 3
—'9.0‘x“10 m /mol x §7.382 g/mol..
) . y )
-= 6,68 x 10. m3 '

~ 1.0 x 207° m® ( 1.0 ‘em®),

or -4 3 -
. L 1.0 x 10 m % 100 .
209,0%X10-7m3 - . .
Ay . a0
<p.5§ RN .
Y \ . ¢ ’
#.,ﬁ: + Py
4
o .o
* L]
’ {
’ &
}
] ) ".
L ] v
| .
4
v ! !
\- i
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Table A.1l
- * = M [}
Densities and“Atomic Weights For Zirconium, .
Chromium and Cobait
- 3 L] .\ L] r, 3
Element Atomic Weight\ (g/mole) Density {(g/cm”)
Ay » -
. 2r . 91,22 6,49
. Cr ¢ 51.996 ‘. 8.90 .
co 58.93 ' 7.20
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3 Crystallographic-Results—— - -
' , N N N . N ~ . ;
Target: Mo - . S ' ;
' ’ * @ ) - ) r'd '
Wavelengths: " ig, =.0.7093A ' ~ - ,
1 . .
A " - . A ° A ’ - / - - ’
, , L g = 0.T13A o o,
. ’ 2Kgy+Ray - . o - '
* ’ LN = . 3 = 007107A N
— . - ' - ~ o .
. | ] ) o 3 - . [
Target: Cu R . _ ,
. i i ’ b “ ‘ -
- Wavelengths: Ay = 1.5405A . S
o A _,A' al A i :j"'._,..k‘ .
. < . ' ‘ . . : - )
“ \g ="1.5453% ,
@ ’
’ . . 2Ky +K -
= a o
C X =2 = 1540 ,
Required Edquationg C . - . ,
’ s " .. 4 )
. A = 24 sin¢$ '(Bragg. egquation) e
.or, : - NS ; ' .
. : ©.d = e
" Hexagonal. System: . ‘ - ’
<L dg = h2+h132;1;2 WEN .‘
. ?, o : (4/3'1—1;:—'*3'&7)' .
Cubic System: ' ‘ ,
N0 %, aoa o s
' C B hagagn¥ .
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metabolism in growing and developing cells, cligonucleotide

,

maps and. primary sequence data for the 25s, 17s and 5s

1., 1980), This work

RNA's was obtained (Batts-Young et
concluded that the 5s rRNA sequence was unchanged and that
no detectable changes could be observed in the 258 and 17s

-

RNA 1in developing cells and in their vegetative countef
parts, Although this work did not address i;self to limited
modifications such as methylation, it appears to rule out
the idea of novkt rRNA expression during development. In

a related~p1ece of work from the same laboratory, én
extensive investigation was made into rRNA synthesis and
degradation during cell differentiation (Mangtarotti et
al,, 1981).’ By uéigg double labelling techniques ‘these
workers showed that the same fraction of old and new 60s
rib030@31 subunits, and old and new 40s subunits are fouad
in polysomes dyuring development. This contradicts earlie;
findings of Cocuccl and Sussm;n (1961) ,and concludes that
ribosomes synthesized during growth and differentiqfion

are functionally 1ndistirguishab1e. They also concluded
that the’rate of synthesis of rRﬁA during developmgnt is -
much slower than in growing cells and thus the repIacement
of vegetative stage ribpsomgs with those synthesized during
differentiation 48 a slow and incomplete process.' This
conclusion 1is alsocfxéwariance with Co%ucci and Sussman
(1970) who claiméd that the majority.of polysomes present

3
during development contained new ribosomes, Mangdarotti
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clearly lack hnRNA (Rosbach et al., 1977; Timberlake, 1980),

and thus 1s foundational for establibhing Dictyostelium as a *

model for stuéying gene regulation in higher eukaryotes.,

The messenger RNA (mRNA) of Dictyostelium ié typically

eukaryotic. It is t{anscribed from the DNA as a 500,000
dalton hnRNA species by an a-aminitin sensigive, DNA
dependent RNA polymeraéé,' The hnRNA 1is 70% transcribed
from unique single copy rcgiong on the DNA while gSZ is
traqscriéed frog repetitive regiong present in several
hundred copies per gerome (Firtel and fodish, 1973).

This repetitive region appears ag_the 5' end and is not
conserved dufing processing. Another ;nique f;ature of
the hnRNA molecule is the presence of a traLscribed oligo

(dT) region of about 25 base pairs (Jacobsen et al,, 1974).

This region 1s conserved during processing and is localized
near the 3' end og the molecule.

As is typical of eukafryotic mRNA the addition.of a 3'
poly (A) 'tail' and a 7-mthy1-gpanosine 'cap' completes the
processing., The poly(k) 'tatl' initfally has a dal size
length-of about 110 to 115 nucleotides which shortens with
ages to about 60 to 65 nucleotides (Palatnik et al., 1579).
Palaghik and coworkers have extensively examined the poly(A{
netabolism and the role of the poly(A) tail. They concldde'
that 1t is ;nclear whether it has 'a sign}ficant regulatoygy
role (Palatnik et al,, 1980). 1It does n;t play a role in
the‘stability of the mRﬁA population asla whole, and does

.
-



Table 1. D:mrﬂ.&wﬁo: of the polyadenylic acid containing RNA in the

dommant spores of the cellular slime mold Dictvosteliwm discoideum

2H-Poly(U) Hytridized

o~ =
PolytA) Hybridiged

RNA D uCi_  .Mole Mole RNA_  ug Poly(a)"
(k) (109) (03 (10 (10T (une) rnaec i

1. .021  172.0  7.73  1.55 1.55 0.2 2.84
.02 %.5 15.68 3.14 3,14 0.25 ‘2,96
084 59.1 26,87 . 5.37 5.3%7  0.21 2.45°

2, .042° .8 1584 3.7 3.17  0.25 2.96
084 641 ° 29,13 5.83 5.83 _ 0.23 2,73
/\\



_Table 3. ‘Comparison of charge ratios in dotmant spores and

vegetative amoebas of Dictyostelium discoideum

tRNA Preparation Activity Percent
. (CPM/ug tRNA) Charged
Control spore tRNA . 1939.8 © 20.8
Oxidized spore tRNA Lo2.9
Control vegetative tRNA 1670.1 - 4s5.8

Oxidized vegetative tRNA 764, 5

-
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