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Abstract

Interaction with hydrogen of intermetallics, solid solutions and mltie
Phase alloys in systems Mg-Ln (Ln = La, Ce, Er, Yb), Mg~Ca-M { M= AL, 20, Ce,
Cu, Wi}, Mg-Lu-M (En = La, Ce, Sc, ¥, Mm; M = Al, ¥i) was investigated. The
dependence of hydriding parameters of alloys on their phase composition and
microstructure was established, On the basis of kinetic meagurements the
values of activation emergy of hydriding—dehydriding in multi-component Mg-
base systems was calculated and a model For reaction of Mg hydride formation
in presence of rare-earth metals was propased, The stability of hydrogen ad-
sérption in pure and commercial hydrogen atmesphere was studed.

1.  IRTRODUCTION

A great deal of conisideration has been given to interaction with hydro—~
gen of gome intermetallic compounds amd magnesivm alloys. This is mainly due
to the fact that these coipounds seem to be promising for preparing high-

: ‘l:emperature hydrogen =storage.

"This paper simmarizes the results of studying the interaction with hydrow
gen of ma,gnasimn alloys containing rare-earth metals amd calcium, The results
were obtdined at the chaur of high-preseure chemistry and physlcs of the
Chemistry Department of Moscow State: Mmiversity, These metals have been chosen
as the mnmonmts of alloys because they actively interact with hydrogen and
produce with magnesiws the intermetalilic compounds of various composition.
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2, INTERACTION WITH HYDROGEN OF BIMARY MAGRESIUM ALLOYS 'mﬂmm BARE~
EARTH METALS

Hydriding of magnesium-rare~carth alloys was studed for intermetallics
CeMg, e e Hg.l?. La Mg, Ce Md, . s LaMg, and CeMg,, two-phase alloys contain-
ing these compounds, and for a solid solution of erbium in ma.gnes:l,m (15 wt.
% of erbiuwm) [1-5], .

Firet hydration of alloys with 1anthm and cerium whose solubility in
magnesiwm is low (about 10 1] leads to irreversible decomposition of inter-
metallics present in the alloys, At 600 & and 3 MPa the acicular crystals of
lanthanide hydride 0.5_ x 0.5 jm in size are produced in the grains of inter—
metallic compounds (Fig. 1) with a simultaneous formation of the magnesiwm
phase. An increase of the duration of exposure in hydrogen leads to hydriding
of magnesiuwe €0 l'[gH.2

. The deta reported in [€] and the expermmtal results indicate unambi-
guously that the intepaction with hydrogen of intermetallic compounds of the
magnesium-rare—earths type is described by Equatioﬂ {1}

+ 5y L !
LoMg, InH, o+ ILnH,  + MgH, (")
The use of two-phase compositions in as .a working component hydrogen stmrage
is based on the reaction described by Equation (2)

MgH, + mﬂ,_x*f:" Mg + Ink,  (x=0.2, ¥=0.5) (2)
Magnesium formed in a mixture with hyaride of rare-earth metals according to
Equations (1,2) is highly reactive and interacts with hydrogen at a rate much
exceeding the rate of interaction of individual ma.gnesim.

Hydrogenolysis (1) takes place vithin a thin smrface layer of about 10
Jjtm in which, in the course of nhydriding, cracks and peels off, The layer-by-
layer metallographic and X-ray phase analyses indicate that the reaction ex-
tends deep into the sample along the grain boundaries of the intermetallic
compounds, while for two-phase alloys the reaction goes over the inclusions
of lanthanide-rich phases, These imclusions serve also to initiate hydriding
of less active phase constituents. In pre-eutectic alloys hydriding proceeds
successively from intermetallic phase inclusioas to most highly dispersed
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grains of magnesium and then to the large magnesium crystals of primary crys-
tallization  (Fig .2). ' _

'Thg interaction with hydrogen of magnesiws-besed erbium-rich solid solute
ion leads to a decomposition even at 550 K and is accompanied by the release
of a two-phase mixture of erbium dihydride aﬁd erbiun trihydride along the
boundaries of the equiaxed magnesium crystallites 0.5-3 um in size {Fig, 3).
An increase in hydriding time ensures the completion of tramsformation of
Eer +y to Erﬂa_x vith simultaneous formation of magnesium hydride

+ 5% | + 8 |
[Er]Hg—-—:'r- Erfy , + ErE, _ + Mg —em ErH,__+ Mg, (3)

As in the casze of magnesium alloys with lsnthanum and cerium, in the all-
cast compact samples the Pirst hydriding process takes place ih a thin surface
layer and powdering of the alloys to the 40-100 pm 1s required for its comp-
letion over the whole tulk, _

In spite of the difference in the chemical nature of reactions (1) and
{3} they both are associated with the diffusion procasses of the metal-to-metal
type. Therefore, in erbium alloys & decrease in temperature of the Pirst hyd-
riding may be due to an increased mobility of erbimm atoms because of a small—
er metal radius as compared with.lanthanum ané ceriom,

As in the case of hydrogenolysis of intermetallic compounds the product
of hydriding of a sclid solution of erbium in magnesiwm is a mixture of binary
hydrides. These compositions differ first of all by their microstructure md,
khence, by the value of magneslum—rare~carth metal hydride interface area, The
calcatiation bazed on microgcopy data stereclogy has demonstrated that For com=
positions that contain 40 amd 66 wt.Z of lanthenum (the products of hydrogeno-
lysis of intermetallic compounds are Lazﬂgi? and LaHga) 85 nt,
10 2nd 22 n /h, while for the mixture formed in the cnurse of decomposition of
the s0lid magnesium—erbium {15%) solution it is less than 4 m‘/h; A decrease

is respectively

in the interface area naturally invoives a decrease in the rate of interaction
of these compositions with hydrogen (Fig. 4).

In order to elucidate the influence of rare-earth matals on the interact=
ion with hydrogen of magnesium alloys we also investigated both magnesium-
frasendymium and megnesium-necdymium alloys [7] (Table 1),

As is seen from the Table 1 we Failed to achieve complete hydriding of
specimens at 570620 X, Even in the case of compositions corresponding to inter-—
metallic such as Lan12 the unreacted magnesiun is present in hyﬁfiﬂed Proe
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ducts in contrast to similar cases of ceriwnmagnesium and maghesiun-lanthan-
un allovs. .A.s js gseen from Fig. 5 the rate of nydrogen absorption by these
specimens after activation is also lower than, Ffor instance, for GeHS_x+ 12¥4g,
the lowest rate being observed for magnesium-prasecdym alloys.

The reaction of the first cycle of hydriding of magnesium alloys has also .
been studied calorimetrically using CeMg, as an example, As is seen from the
data presented in Fig. 5 the hydrogenolysis (1) is immediately preceded by
the stage of hydrogen dissolution in a hydride matrix with the fornatien of a
phase composition similar to Cengﬁz. In the next stage, further hydroger ab-
sorption is accompanied by hydrogenolysis with the formation of both magnes—
iunm and cerium hydrides. The enthalpy of hydriding and dehydriding of the
products of CeMg, hydregenolysis is -73.281.9 kI/mole at 489 I, and both the
direct and reverse processes proceed with explicit hysteresis,

In order to elucidate the mechanism of the iﬁterar:tinn with hydrogen of
magnesiwm formed in the course of hydrogemolysis of intermetallic compound we
have studied some more interactions with Eyﬂrogen of mechanical mixtures of
magnesium with rare—earth metal hydride (8].

As was noted above, the first hydriding of magnesium=rare—-carth-nmetal al=-
loys invoives the Formation of an active bipary hydride mixture with large in-
terface area, A composition with similar ratio of constituents was also pre-
pared using dispersed (about 40 j,l.m) ipdividual phases by mechanical mixing in
im inert gas. Activation of this mixture, i.e. achieving a reproduceable rate
of interaction with hjrﬂmgm is posszible only after 10 absorption~desorptian
eycles due to complicated worphological alterations in the system and powder-
ing and loosening of particles, The specific surface area of the activated
mixture does not exceed 2 mz/g, while the surface area of the phase contact
is substantially smaller, but it caa be jncreased by compression (Fig. 7). The
compacted specimens are distinguished by shorter periads of activation (2-3
absorption-desorption cycles}.

In Fig. 8 are shown the hydriding curves for two-phase gsamples of the
lanthamm magnesium kydride prepared by different methods. The highest rate of
hydriding is inherent in a mmpasitién formed fram alloys by reactions { 1} and
(2) with highest dispersity of phase constituents and most nighly developed
interface. The mechanical mixtures are distinguished by a marked increase in
the rate of reaction after compacting, In this ‘cese the interface area is in-

creased', tke particle size peing unchanged. A decisive importance oF this
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factor is also evidenced by an ernhahced rate of hydriding with the increased
amount of rare—earth metal hydride in the mixture which ensyres the possibi-
lity of additicnal phase contact,

Te elucidate the role of lanthanide hydride in the interaction with
hydrogen of activated magnegiws-rare-earth compositions and its influence on
the mechanics of magnesivwm hydride formation, we carried out a formai kinetic
analysis of the experimental data (9].

3. KINETIC AMALYSIS CF THE INTERACTION WITH HSYDROGEN OF ALLOY TRANSFORMAT-
ION PRODUCTS IN MAGNESTUM-RARE-EARTH SYSTEMS

The "transformatiorn degree vs.time” kinetic curves of hydriding (i*ig.4)
show the highest rates for all compositions under study; the reactian' rate
increases with time and growing deviation of hydrogen pressure from the equi-
livriun A p. Experimental data were processed wsing both Erofeyeveivrami
generalized topochemical {4} and model equations based on the mechanism of
Formarion and Phase boumdary advance, or diffusion in solid,

Fmi-f2ee  x2 (4)

- n{1=o. ) = L xT 11-!2: x e'E'Em x Ap ()

«T-K .= X0 xe_EH’fRT (ﬁp]u'ﬁ (6)

(1§ - (10 gy xTyx,m

The calculated values of parameter n in equation {4) peint to a pessible
change in the reaction kinetics and to the attairment of a diFfusion econtrol
vhen transformation degree o is 0,3.0.7 {depending on composition and hyde
riding conditions); For interval of linearization of experimental data in the
Fi{ £ = Ii' x @  from iz achieved when these stages are described respecti-
vely by the first-order equation (5) and by Hinstling-Brownstein equation {§).
Tinetic parameters calculated by these equations are listed in Table 2,

Heterogeneous reactions for which the first-order equation can be appli-
ed are interpreted in the literature as a process limited by nucleation on a
large number of small grains [10], while the mostly widespread concept iz that
hydriding of individual magnesium is Iimited by chemisorption or dissociation
of molecular hydrigen on the metal surface [11-13]. This change in kinetics

can be explained as follows,
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Lanthanide hydride Lo, . , o is a nonstoichiometric compound in which, accor-
ding to statistics, hydrogen Fills the holes in a crystal lattice. Tnder ex- j
perimental conditions {360-630 K, 0.5-3,0 MPa) close to equilibrium for a :
particular composition the dissolved hydrogen exhibits an increaed diffusive
mobility. Affected by a chemical potential gradient on the external {p
exp.) and internal (P } surfaces the lantanide hydride inclusions
may serve as effective turs of dissoclated hydrogen to the magnesium
surface, vhile the Hg:Lnﬂa_x contact points are nucleation centers of magneé—
fum hydride (Pig. 9). In this case 2 hydriding total rate is determined from
the nanber of potential mucleation centers i.e. from the value of the inter-
face area, Exactiy this kind of experimentally determined relation has been
noted previcusly for mechanical mixtures a2nd alioy hydridiag products in
magnesium-rare-earth systems [5,8].

The determined dependence of rate constent on hydrogen pressure (5,6)
makes it possible to caloulate activation esergy from temperarure dependence
of In K, with P being constent. The values obtained {Table 11) represent
apparent activation energy that include a sum of eanthalpies of the stages
supposed to be quasi-eqeilibriwn [t4], According to this model of micleation
these stages sre molecmlar hydrogen adsorption on the surface of the solid
phase, digasociation of molecular hydrogen, and transition from the adsorbed
to dissolved state, The total enthalpy of these reactions describing the pro-
cess of hydrogen dissolution in metallic magnesium is 24 kJ/mole [15]. Taking
into account this value, the true activation energy of macleation may be es-
timated ss 3341 kJ/mole.

Trangition to a diffusion control im the processes under consideration
is, onr the one hand, due to extremely low mobility of hydrogen in magnesius
hydride and due to closing of internal pores and microcracks om account of
vyolumetris phase expansinh after hydriding, on the other., A certain contribu=-
+rion of molecular hydrogen transfer to diffusion process is indicated by the
exponent in the pressure dependence of rate constant for the reaction final

stage with the values as small as 0,23, Q.33 D5 in term of model represen—
tation based on complete dissocciation of diatamic_gas [14). The use of Hinat-
1ing-Brownstein three-dimentional diffusion equation points to the absence in
the system of explicit linear and two-dimensional transfer, For pre-eutectic
alloys we failed to distingmish the stage limited by diffusior due to uncven
distribution of magngsium graing with respect to their size and state of the
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'su;*face. Calewlation of true diffusion activation energy from the value Ez is
complicated by lack in literature of necessaty data on the enthalpy of hydro-
gen dissolution in magnesiwm hydridé in perticular,

According to the assumed model, the kimetic amalysis allows one to deter-
mine possible ways of influercing the rate of hydriding of magnesium alloys
containing rare-earth metals. In the mucleation stage it is introducing into
the alloy the constituents that incréase hydrogen solubility in magnesium or
create additionel mzcleation centers, In ‘the diffusion stage, a ckange in kine-
tic parameters is possible on account of constituents which are soluble in mag-
nesivws hydride and which increase the hydrogen diffusion coefficiemt in mage-
siya hydride or which change the alioy midrostructure, i.e. which facilitate
mnlecular hydragen transport. '

4.  INTERACTION VITH HYDROGEN OF ALLOYS OF THE Mg-Ca-M (M~ Al, Zn, Ce, Cu,
Ni) SYSTEMS

The magnesium—caloium system might be a basis for hydrogen storage alloys,

For this purpose we studied the interaction with hydrogen of alloys of the fol-
loving ternary systems: magnegium-caciup-metal where metal is aluminiws, zink,
_cerium, copper or nickel snd where the magnesium content exceeds 66 at.¥ {16~
18], The studies of the interaction with hydrogen of these alloys have revea-
led a gensral phenomenon, hamely, all intermetaliic compounds locating in this
reglon of a phase triangle and'eﬁteriﬁg into -the composition of alloys [exclu-~
ding Mg Ni) suffer hydrogenolysis according to known equations with magnesium
hydride formation (Table ITT). Thus, hydriding of termary alloys in the genew
ral case involves the formation of two morphologically different types of mag-
nesium hydride grains which are the products of magnesium phase hydriding and
of intermetallic compound hydrogenclysie, As a rule, it is followed by the Fo-
rmation of the ternary hydride Hgﬂaﬂ4 instead of calcium hydride, In Figs. 10
and 11 are shown the curves of hydrogen absorption and desorption by samples
after they have been repeatedly hydrided and dehydrided. As is seen from Fig.
10 a consider&ble hyﬂrbgen.ahserptian rate may be reached orly at 570-620 X.
But even at this temperature the reactior rate is lower than for the samples
af the magn£91um—rara—&arth system, althauuh it exceeds greatly that for pure

magnesz.wn. .
Decomposition of kydride phases proceeds with a clearly pronounced accew
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leration period and the curves have a sigmoid shape. 1t can also be noted that
the zlloye with zink have the lowest rate of both desorption of hydregen in
conitrast te alloys with other additionms, The activation energy of decomposi-
rion of magnesium hydride formed from magnesium=calcium-netal alloys ig 72«
105 kI/mole. __ '.

Thus, the magnesium-calcium system con hardly be widely used as a basis
of hydrogen storage alioys in éﬁi_te of the fact that calcium is much more avae
ilable thean rare-earth metals because hydrogen absorption even by activated
samples proceeds at fairly high temperatures, In view aof this, we have concen-
trated bagically on. studying the unieractions with hydrogen af ternary alloys
containing magnesiuwn and rare-earth metals.

5, INTERACTION WITH HYDROGEN CF ALLOYS OF THE Mg~Lo-M(Ln = Sc, ¥, Ce, La,
Mm, M » Al, Fl) SYSTEMS

Additional alloying of magnesium-rare-sarth metals was necessary because
of their inherent shortcomings that presented a substamtial obatacle for pra—
ctical use,

Firstly, in magnesium~rich intermetallic mompounds with rare-earth metals,
magnesiwn contemt does not exceed 60-65 vt.X which substantially {1.5-2 times)
reduces the amount of accumilated hydrogen as nomp#red with individual magnes-
jum hydride, An increase in the amount of magnesium in excess of stoichiomet-
ric quantity sharply changes the kinetic mode of hydriding and reduces the
process rate.

Secondly, the first hydriding of such alloys occurs only in the thin
surface layer, and in order to make it complete through the vhole tulk of the
sample it must be powdered to 50=100 m. Thirdly, the alloy hydriding rate
sharply drops with temperature and even at 55(-560 £ the reaction camot be
carried out to completion even for several hours, Numerous attempts to improve
sorption properties of magnesium alloys with rare-earth metals by their alloy-
ing with several metals have brought one to a conclusion that maximm effect
can be reached by imtroducing aluminiim and nickel [19.21].

In Mg-ln-Al systems we have investigared the alloys with up to 8 wt,X of
Al, Phase components of these alleys are magnesium, Ln¥g,, and Lanz. As in
the case of nagnesitm-rm-e-earﬂl dystem, the first nydeiding of these alloys
starts at the grain. boundaries; Mg-rare-carth intermetallic compounds are the
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first to react with hydrogen and ﬁnly affer that the reaction proceeds over

to the magnesium grains. The investigations have demonstrated that in system
Mg-Ln-Al the alloys containing from 0,5 to 2,5 at.¥ of aluminium which is come
pletely hydrideﬂ at 320-370 K are most promising. The sorption cepacity of
these alloys is degeribed by the fcllbwing equation:

wt.X of E{ngm uz) - x 100%, where 2y>z (7)
¥ 26,328% + 143.144y + 25.477

Figs. 12, 13 show the hydrogen absorption~desorption curves for activa-
ted samples of the magnesium—cerium—aiuminiuﬁ system. As is seen from Fig. 13,
more than 2X increase in aluminium content in an alloy reduces the hydriding
rate because a greater amownt of ceriwe is bound due to the formation of CeAl,.
High rates of hydrogen absorption are due to sinergetic influence of 'E:«F:I-I3 and
ﬂealz phagses when their ratio is optimal, If ﬂeH3 is a donor of atomic hydro-
gen, the infuence of Ce&lz may be due to the fact that this compound offers an
additional resistance to the magnesium grain growth and increases the inter-
face area, An apprecisble amount of hydrogen is ahsorbed by inmvestigated
samples even at room temperature.

As is seen from Fig. 13, the presence of CeAl, leads also to an increase
in magnesium hydride decomposition rate. The decomposition curves are of defi-
nltely sigmoid character and are affine, The apparent ﬂesorptian activation
enargy iz 80-95 kJ/mole.

The greatest infiunence on the interaction with hydrogen of magnesium all-
oys with rare-earth metals is exerted by the introduction of nickei. The inves-—
tigations carried outr Por magnesivm-nickel-ittriwn, scandium, cerium and misch-
metal systems [3, 21] nave demonstrated that such ternary alloys are hydrided
practically to the end even at 420 X which has been noted in literaturs not
cnly For pure magnesium but also for its binary alloys with nickel apd rare—
earth metals {Fig. 14). on’ the desorption isotherms there are two plateais for
all alloys under study. The plateauzs that fuzlly correspond te the phase cnmpn—'
sition also correspond to decampas1t1an of magnesium hydrxde and Mgzanq' Pha-
se transformaticn heatz in the platem: interval and dissociation equilibrium
pressures of the corresponding hydride phases did not markedly differ from the
data Jnown from the literature which together with X-ray data point te the ab-
sence of mutual solubility in these systems,
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We heve paid special attention to determining the running characteristics 1

of magpnesium-rare earth-nickel—hyﬂrugen systems. The investigations were carr=
ied ont on alloys contalnmng mischmetal as rare—carth metal. The advantages

of m;ﬁchmetal are 1t5 relatively low cost, as compared with pure ianthanides,
and presence Gf constituence {iron, for exanple] the pesitive influence of
wnich on magnesium hydriding has already been reported, previously [22],

The most important characteristic of the composition For hydrogen storage
iz stability of its absnrptinn:¢haranteristics after repeated hydriding and
dehydriding. After 30 absorption-desorption cycles with the use of pure hyd-
rogen the snrptlnn capacity of the composition based on the magnesium-misch—
metal-nickel keeps constantj the hydriding rate also remains unchanged (Fig,
15). But when commercial hydrogen containing 0,01% of oxygen is used, the
sorptian capacity is reduced nonotonically, on average, by 0.5% per cycle. In
this case magng51um oxide ig Found in the mixture, Calculations based on €X=
perimental data for the technological hydrogen storage systems have demonst-
rated that when the system iz rgn a change in the sorption capacity due to
oxidation of magngsimﬁ by édditives in hydrogen is 1-27% per 100 cycles,

The estahlishgd relationship allows one te make a comparative analysis
of hyﬂrlding reactions of these ternary compogitions in commercial and pirifi-
ed hydrogen., This analysis is based on the tramsfarmatiun of experimentally -
found “transfurmat:an dagree-time” dﬂpenﬁence with due regard For attainable
maximz absorption (Fig. 16} The results of the analysis indicate that repe-
ated abserption and desarptiun cycles in commercial hydrogen somewhat retards
the hydriding reaction at the inltial stage which is practicaily eliminated
after the gecond treatment in purified hydrogen. '

Thus, the 1nf1uence of the impurities in commercial hydrogen ol hydrlding
of magnesiwm4mis¢hmﬁtal-n1cke1 alloys is reduced to two parallel processes,
i.e, excdiation of magnesium incerporated in the cnmpas1tinn that leads to a
monotonic decrease in sorpticn capacity, and reversible change in the reactinﬁ :
yinetics at the initial stage due, apparently, to the surface adsorption pro- _5

secset,
6. INTERACTION VITH HYDROGEH OF INTERMFTALLICS LuMg, (la = La, Ce, Er, ¥b)

In alloys cantain1ng rare—earthxmﬂtals the 1nteractinn of maghesimm-rich
intermetallic compounds are inevitably accompanied by hydrogenolysis (4). An=
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other type of the interaction producing radiographically amorphous products
is, according to the literature, associated with LnMg, f23]. We have inves-
tigated the aforesaid compounds of the two strustural types: MgCu,, {LaHgE,
Geﬂgaj [24] and MglZn, {EngE, m4g2]. Although these compounds are chemically
cinge to each other they substantially differ in character of the interaction
with hydrogen.

At room temperature LaHg2 and CeHga absordb up to & hkydrogen atpms per
formula unit {E/f.u.). This is accompanied with tatragonal distortion of the
cubic lattice of the initial intermetallics with 14% increase in the elemen—
tary cell volume, Under such conditions at the intermediate stage of hydriding
Laﬂ;g2 there was also observed a ternary hydride phase of the cubical system
of Laﬂgaﬂz cemposition,

Eydriding of LaHg2 at 523 ¥ leads to decomposition of intermetallic com-
pounde, but in this case the reaction product is lanthemm hydride with a de-
creased cell parameter (a=0.556 mm, a =0,560 rm); mo reflections of magne-
sium-containing phases are observed on the diffractogram. This state may be
considered as complete hydrogenolysis wheﬁ, due to a reduced mobility of the
metal atoms in the lattice {temperature is by 70-30 K below that typical for
reaction (1)), magnesium is partly dissolved in lanthanuw hydride, thereby
lowering the lattice period and partly in radiogrsphlcally amorphous state,
apparently in the form nf.HgHE. Completion of hydrogenclysis, i.e, a complete
separation of individual phases and their Final cerystallizatison cceurs at 600
X.

The interaction with hydrogen of ErH;g2 proceads in a similar way. In this
case the formation of two teranary hydridesz with 2 and 6 hydrogen atoms per one
Formula unit, respectively, is also typical, but the initial type of crystal
structure is retained with only elementary cell parameter heing increased, The
difference in hydriding of LaHg2 and ErH‘g2 consists firast of all 4n a decreass
of temperature in the course of =similar tramsformatione, In the case of erbiume
containing compounds the intermetallic matyices are decomposed in hydrogen ¢gas
even at room temperature, and this process can be prevented only by cocling
the sample down to 273 K. Put, as in the case of Laﬂgh angd Cengz, erystalli-
zation of the magnesium hydride phase crystallization is brought to completion
only if hydriding temperature is raised to 600 K, This may he due to several
Pactors., On the ore hand, it is a higher enthalpy of Formaticn of erbium hyd-
ride and, comsequently of hydrogenclysis reaction as compared with thoze of
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lanthamm hydride, and smaller erbium atomic radius that ensures higher 4if-
fusive mobility of erbium in magnesium slloy on the other {Table 1¥). The
differences in diffusive mobility of erbivm and lanthanun reside also in
that for erbiwm hydride the formation of a magnesium~containing solwtion is
not typical since the periods of the crystal lattice of the compound {2 =
0.3623, ¢ = 0.6525 pm) are similar to those for ErH, known from the litera-
thre. . e wt

The process is changed radically in the case of _"_fbl!ga. YbMg, does not
interact with hydrogen till the temperature reaches 600 X, although a2 comp-
late hrdrnﬁenolysis with the formation of ytterbium trihydride and magnesium
hydride i= observed, No-interaction in the Yh““z'ﬂa system at room itempera-—
tare may be due to a large ytterbium atomic radius and lower enthalpy of tri-
hydride Formation. In contrast to lanthamum and erbium it may also be due to
a reverse lanthanide~lanthanide interatomic distance relation in both inter-
metallic compound and individual metal. As is known from the literature data
For various intermetallic compound hydrides, a cnnsidm-ahle compaction of it=
terbium atoms in Yng2 prevents hydrogen from penetration into the holes of
the crystal lettice,

The experimental data we have obtained may provide an information on pos-
sible trends of the reactions in Imng-h}'drngen gystems. According te the cry=-
stal chemistry of the initial intermetallic compounds, hydriding of these com-
pounds may be followed by the formation .of both ternary phases and either par-
tly or complately radicgraphically amorphous products whose composition and
qeantitative ratic depends on the temperature of the process and mobility of
atoms in the metallic lattice. It should be emphasized that the enthalpy aif-
ference berween hydrogenolysis and formation of termary hydride determined for
CeMg, celorimetrically does not exceed a few XCal/mole of H,.

N —

,_Em.—h 1
LaMg, B, cmt.(m' aH = -1a1m/52mu1e}
I...nl‘:!g2 + Hz - .
mﬂzna.z amsrph,
I..nlls + "352 amorph.
9202550 Koo pm Ln1-xHExH3 * Hg“z amorph,.
600 K w LuH, + Mgi, mst_{i-n = Ce, pAH a ~93 H/Hzmle}
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All ternary hydrides synthesized in the LeMg,, ~hydrogen systems do not
desorb hydrogen at room temperature and when heated in vacwum they decompose
irreversibly to lanthamum hydride and magnesium

Lo Ha, 10 -Pa.

550=-520 I

Ln!-:gz B,

Lﬂ2+r * Hg (9

Only in the case of I..Eil-!gr2 s phaze, the formation nf magnesiym-rich I.a=.'-l°1g3
pound stable up to the melting point of 1100 K was observed in the course of
thermal decomposition under mild conditions (6 kPa) during which a partial
resorpti.on of separated hydrogen takes place

oy € ¥Pa .

LaMg, + L
550 ¥ 3* %3 1100 I

LaMg,H, Mg + LaHz_'_j_ (15)

The presence of La}an in the products of I..amlk!g2 e Pyrolysis may be due to the
fact that of all binary intermetallic compounds in this system 1.a|!-!g3 is ther-
modynmically mest stable, :
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TABLE I, COMPOSITION OF Mg-Pr AHD Hg—ﬁd ALLOYS AND OF THEIR HYDRIDING

PRODUCTS

N Alloy composition Alloy phase Amount of Phase composition of

wt., percent composition absorbed hydriding products

Mg Pr  ¥d hydrogen
1 75 21 . Mg, ,Pr, Mg 5.5 MgH,_, PrH,, Mg

| préfeqtectic Hz_ E
2 73 27 Mg,.Pr, Mg 5.2 -

' : ' : eu.&ctic . N
3 67 33 - Hg,,Pr 5e3 HE- MgH,, PrH,
4 79 21 Hg12H¢, Mg 5.9 !'1932, HdES' Mo
o _pre—mtectic
5 713 27 Mg, . N4, Mg 57 - -nn
: _ eptéctic
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TABLE If: EINETIC PARAMETERS OF HYDRIDING OF TRANSFORMATION PRODUCTS
IN MAGKESIUM-RARE-EARTH ALLOYS

-1

Alloy compo- T,k . 8P, MPa ‘i}_a L min™" Ky min 10
sition wi.X
528 1.0 0.05 0.17
549 1.0 0,10 0,29
85 Mg-15La 598 1,0 0.25 0,50
613 1.0 0,30 1,30
598 0.5 0,20 0.44
598 2.0 0,35 1.85
E, = 60 & 6 ki/mole
523 1.0 0.15 0.21 0.10
568 1.0 0,20 0.60 0.20
0 Mg=40 La  5qg 1,0 0.55 1.05 0.27
(La2H51?) 613 1,0 (.70 .66 0,33
%58 3.2 0.55 1.90 0,41
E, = 57 & 5 ki/mole E, = 35 + 4 ki/mole
523 1.0 0.25 0.22 0.14
848 1.0 0,40 0.43 0.20
613 1.6 0.75 1.7 0.39
(Lang,) 613 0,5 0,60 0.89 0.29
§13 1.5 0,80 2,50 0.45
E, = 63 » 6 kI/mole By = 30 % 3 XI/mole |
583 1.0 0,35 0,16 0,10
608 1.0 0.40 0,25 0,14
85 Mg-15 Er 613 1.0 0.45 0.27 a.15 -
£33 1.0 0.60 0,40 0,139
(er) #g 633 0.5 0,40 0.23 0.13
613 1.5 0.65 0.58 0,23

E, = 60 £ 6 K/mole £, = 34 + 3 ki/mole

2




TABLE III: PHASE COMPOSITIOR OF Mg=Ca-M ALLOYS AND THEIR HYDRIDING

PRODUCTS
i System Phase composition of Phase composition of Amount of sto—
initial alloys hydriding products red reversible
h?ﬂl'ﬂgﬂﬂ. wt. ki
1 Mg~-Ca=-A1 Mg, ngﬂa, I-!5r34i!;12 HgHz, Ax, HgCaH4 4.5=5,1
a Mg-Ca-Ce Mg, Hgaca, Ueligw HgHzﬂeHB, HgCaH4 3.3-5.1
4 Hg-Ca=Cn Mg, ngﬂa, nglh HgHz, HgCuz, HgCaH4 3.3-5.1
TABLE 1Y: Ln.l{n;l2 COMPOUNDE AND HYDRIDE PUASES RASED ON THER
Intermat. Hydride Cell paremeters, ym In-La interatomic LnH, hydride
- distance, nm forfation
COKP + COmp » intermet,  hydride enthalpy
metal intermet, o
compound compoung - AHEBE
kI/mole
LEHQ‘EHE Mo a8, 638
C:lﬂ-953
CeMg, GeHgEHE a=0,.873 a=0.637 04364 0,378 229
: c:-ﬂ.952
Ertlg ETHEE% aa, 600 aa0.611 0,330 0,365 251
ErMg, B, e am0,627
¥bMg,, = =0,619 - - 0,388 0,380 195

| +L203
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Fig. 1. Micrestructure of hydriding products of intemmetallic compound
LﬂEHHTT in alloy Mg-153La.

Pig. 2. Microstructure of hydriding products ¢f pre-eutectic alloy Mg-
15%La: a - initial step, b - final stap.

Fig. 3. Microstructure of hydriding products of erbium solid solution
in maghesium (Mg-15%Er,);
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0,8

0,6

1 ' é 3I 4 %Jlmin

Fig. 4. Kinetic curves of hydrogen absorption by alloy transformation
products in Mg-La amd Mg-Er systems {613 Y, 1,4 MPa):
t = Mg-15%Er, 2 - Hg-15xLa. 3 - Mg-a0XLa (LaEHg1?), 4 -
Mg-66xLa (LaMg,).

(v 2

0,8

1 v i

1 2 .3 4 2, min

Pig. 5. Kinetic curves of hydrogen absorption by alloy transformatlun
products in Mg-Pr, Hg—Hﬂ and Mg-Ce systems (613 X, 1,4 MPa):
1 — Mg-33%Fr {PngTE 2 - Mg-33%Nd (333912}, 3 - Hg—33%ce
(Cetg. ;).
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Ly P, MPa

{-3,0

2 4 6 HfCeng,

Fige 6. foferentiai.enfhapr &nd eqﬁilibrium hydrogen pressure for
first hydriding of CeMg, at 536 K {curves * and 2) and for

CeMg,, transformation products at 489 ¥ {curves 1’ and 2'),
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Fig « 7. Morphology of mechanical mixture (1) and hydriding products
of alloy (2) in Mg-La-H system,

1 i iI ] i

1 2 3 4 T, min

Fig. B. Kinetic curves of hydrogen absorption by mechanical mixtures
of Mg-La hydride (1-3) and by transformation progucts of
La,Mg,., alloy (4) at 613 K, 1,4 MPa: 1 - [Mg-40%La], 2 -

[Mg-60%La), 3 - [Mg-40%La] comp,® 4 = Mg=40%La (Lazngwj,
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Ma+I[H l-lgi]2

RN NN

Fig. 9. Model of magmesium hyndriding in the prescnhce of lamthanoid

hyéride,
oL oL}
0.8 —'2 0'3‘
0,6 0,6
0,4 } 0,4
o2 ff 1 0,2

i g P . .
0 20 40 60 T o 20 40 T, min

Fig. 10, 11i Kinetic curves of hydrogen absorption {10) and desorption
{11) by alloy transformation products in Mg-Ca-¥ systems.
T« Hg‘f-Sﬁca—TE%Uﬁl; 2. Hg'—‘ﬁiﬂ-&-'lme; 3. Mg=12%Ca~-SKZn.

Fig. 12, 13. Kinetic curves of hydrogen absorption (12) and desorptiom
(13) by products of transformation of alloy Mg-26iCe-2XAl,

| _: of. 592 L3581 X 573 X
_ : 0,8 568 K
0,6
o 0,4
Lf 0,2
| :
0 20 20 T '+ I 20 40 ¢, min
g.
]
3

rg
¢
:
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0,5 | 1,0 ,5'20 <, min

Fig. 14, Iinetic curves of hydmgen absorption by alloy transformation
_ products in Mg-Ln-Ni isystems(573 X, 1,0 MPa),
Te: ng-amn-wm; 2, Mg-8%Ce-17%Ni; 3. Hg-eﬁ-'lmu
oynay. 150

L 0 - purified hydrogen
' ® — commercial hedrogen

4] 20 C 40 60 mumber of cycles

Fig. 15. Sorption capacity of Mg-Mm~Ni alloys as a function of mumber of
- hydrogen ahsorptiun—desarptiun cycles.

i My 1 1ol = iix
o =—azp i - =3 ealbe,
' - ' Hmm
40,8
0,6
-0’4
10,2
0o 85 - 1,0 W T, min

Fig. 16. Kinetic curves of hydrogen absorptmn by products of transforma-
‘tion of alloy Mg-8%Mu=174Ni (573 X, 1,0 MPa); 1,4 ~ purified
hyﬂrogen. 2,3 - c:nmercml hydrngen.
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