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Abstract

The various degrees of equilibrium which are possible in the two-phase co-existence region of metal hydride systems will be reviewed.
Some of these lead to invariapy, and others to sloping plateaux. The effect of hysteresis on the thermodynamic properties of metal hydrides
is discussed. Recent advances in theoretical first principle calculations of the energy of hydride formation are reviewed.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction 2. Classification of two-phase equilibrium

For most researchers the thermodynamic aspects of metab.1. Complete equilibrium (CE)
hydride systems are limited to plots of log of the plateau
pressures against7l/van’t Hoff plots, wherebyA Hy|t and In CE, the chemical potentials of each species in a phase
ASpiat are determined. There are, however, many other as-must be equal to those in co-existing phases. For a binary
pects of the thermodynamics of these systems and someVi-H system the equality of the chemical potentials leads to
of these will be considered in this paper with a main fo- a plateau pressure and the absence of sloping or hysteresis as
cus on the plateau region. Firstly, the different degrees of shown inFig. 1 It should be noted thaty is a function of
equilibrium possible in the two-phase co-existence region r = ny/nm. The co-existing phase boundaries are shown as
of metal hydride systems will be discussed because these: andb for a binary system at CE~(g. 1).
determine the plateau behavior. The following pertains to  CE can occur in a ternary system A-B—H such as a
random, substitutional alloys or to non-stoichiometric inter- substitutional alloy Pd—Pt—H, where it is assumed that it
metallic compounds. The three possible situations for a two does not separate into PdH and Pt phases at equilibrium but,
solid phase region in A-B—H systems are: complete equilib- instead, into Pd-rich and -poor phases, which is consistent
rium, CE, local equilibrium, LE, and “frozen” metal/mobile  with the experimental finding that such a separation does
H atom, PE, para-equilibrium. In all of these the condition occur at moderately high temperatures and hydrogen pres-
uH(@) = nn(B) is satisfied because of the mobility of the H sures[2]. In the case of a non-stoichiometric intermetallic
atoms. The frozen metal situation (PE) is the one thatis almostcompound, e.g., AB.., it is assumed that there is a limited
universally found in alloy hydrides since they are studied CE where the intermetallic separates into two »AB-H
and employed at moderate temperatures. A preliminary dis- phases with differentvalues rather than completely into AH
cussion of these equilibria for metal-H systems appeared inand B.
ref. [1]. There are two compositional variables for a ternary sys-
tem,r, andcg wherecg = ng/(na + ng), where then are
mols. A diagram, such d5g. 1, cannot be drawn for a ternary
system under CE conditions. A representation, such as shown
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Fig. 1. Schematic plot of; against- = H/M under isothermal conditions
where |I= H and M= metal.

cg and the ordinate is and constanj, values are shown
by the different tie-lines in the two-phase field connecting
thee, dilute, andg, hydride, phases which are shown by the
two solid lines enclosing the two-phase field. The tie-lines
continue into the single-phase regions whereythare also
constant. The vertical dashed line is the overall alloy com-
position,co. The fraction ofg, fg, increases asincreases
across the two-phase field. The sloping of the tie-lines in the
two-phase field will decrease ag for a substitutional alloy
approaches the pure metal A or the stoichiometric composi-
tion for an intermetallic compound.

Upon increasing the H content in thephase, the hydride
phase first appears at point 1 where dhghase of that com-
position will co-exist, according to the tie-line (1-2), with a
different bulk metal atom composition in thfleshown by 2.
The overall metal atom composition must be maintained at

r—

{//

17

co SO thatfg is~0 at point 1. When the H content is increased
within the two-phase field to poiptwhere fg = % the tie-

line (3—4) gives the metal compositions 3 and 4 fordgtend

B phases, respectively. The overall composition of the alloy
is maintained as reflected by equal excursions on the two
sides ofc,. Finally, when conversion to thgphase is nearly
complete, the tie-line (5—6) shows that theomposition cor-
responds to 5 and th&to 6. For CE, the chemical potentials
of all components are equal along any of the tie-lines within
the two-phase field.

The tie-lines intersected g increases correspond to in-
creasing H contents of the two co-existing phases because
they intersect th@ phase boundary at progressively larger H
contents.

The changes in the phase H contents will be smaller and
are therefore not indicated by a sloping phase boundary. The
wH must also increase witfg because of the thermodynamic
stability requirement,duy/dny)7 > 0[3]. Another proof of
this is that in thex phase agy increases at constary tie-
lines are crossed of increasipng and the extensions of these
into the two-phase field shows that whgp increasesjy
must also increase. Singgy increases withfg in the two-
phase field according to both of these arguments, there will
be no plateau pressure for these ternary systems under CE,
i.e., “sloping plateaux” are expected.

2.2. “Frozen” metal /mobile H atoms (PE)

In this case, the immobility of the metal atoms in the bulk
and interface precludes the establishment of CE and this has
been designated as para equilibrium (PE). Ternary hydrides
which fall into this category are also referred to as psuedo-
binary hydrideg4].

For binary M—H systemsFig. 1 describes both CE and
PE conditions because it is not necessary for the metal
atoms to be mobile in order form (o) = um (B) since the
um depend on their H contents. On the other hand, for
ternary systems different results obtain under PE than CE. In
Fig. 2 the horizontal dashed lines represent the PE phase
boundaries which must lie within the CE boundar[gs.
When H is added to the alloy, it dissolves in the dilute phase
until, at the phase boundary, hydride phase at' Zppears
and the metal compositions of both of these phases are equal
to ¢ corresponding to the dashed vertical line where the PE
system remains a& increases and along this vertical dashed
line the chemical potentials for H and for M in both phases
are equal and constant until th@hase is fully hydrided at' 2
Fig. 1is applicable to this “frozen” metal/mobile H atom sit-
uation which obtains at moderate temperatures for alloy and
intermetallic—H systems. PE leads to the desirable invariant
IH,. & plateatp,, across the two-phase field. Although the

Fig. 2. Schematic representation of the two-phase co-existence region for ametal atoms are “frozen”, thew (a) = UM (,3) condition can
ternary system. The nearly horizontal solid lines are phase boundaries forbe satisfied. as for the binary case, becaygeare a function

CE and the other solid lines are iso-chemical potential tie-lines in the single-
phase and two-phase regions. The vertical dashed ling iatthe overall

of the H content of each phase. As for the binary systems, the

alloy content and the horizontal dashed lines are the phase boundaries formmaI atom immobility may cause stresses leading to plateau

PE.

sloping and hysteresis.
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Fig. 4. Schematic representation of the two-phase co-existence region for
LE. I and I’ represent the interface compositions in thend 8 phases,
respectively. B and Bare the bulk compositions in the and 8 phases,
respectively. The horizontal solid lines are phase boundaries and the vertical
solid line is the overall alloy compositia and the bulk compositions must
remain on this for PE. The other solid lines are iso-chemical potential tie-
lines as inFig. 2 and are applicable to the interface. The dashed lines are
tie-line extensions from the single-phase regionsto

Fig. 3. Schematic plots ofiy againstcg for CE and PE. Point b is the
constantuy plateau for PE but for CEyy increases from 1 to 6 during
hydriding from f3=0 to 1.0.

drawing an iso-chemical potential tie-line through 2 as shown
. ; (Fig. 4 which intersects the phase boundaries to give the in-
For PE, iy remains at b whilef changes from 0 to 1. By terface compositions similarly to the case of Ghg( 2). At
contrast, for Ciuy changes from 1 =0) 106 (f = 1) and any point within the two-solid phase fiejgy(a) = un(f),

the metal atom compos!tlons of T[he co-existing phase; also or instance, at 2Kig. 4) all of the co-existing compositions
change according to the intersections of the dashed h(_)nz_onta(ie on the tie-line (>—15) or else on the dashed line exten-
lines with the CE phase boundaries shown by the solid lines. sions into the two-phase region intersectigat B, andB).

When the sample is almost fully hydrided at 3, the compo-

Fig. 3is a schematic plot giy againstg for CE and PE.

2.3. Fartial or local equilibrium (LE) sition of the interface ig3 and the bulk phas#; are the
same.
In local equilibrium (LE) the metal atoms are in equi- It can be seenHig. 4) that the H compositions of the

librium at the interface but not in the bulk where they are pulk phases increase witfy, for example, the H concentra-
“frozen” as for PE. The mobile H atoms, however, are atequi- tion for thea phase at 1 i$3; and theg phase isB) and at
librium throughout the system. This is illustrated schemati- 2, the corresponding concentrations &eand By, i.e., the
cally in Fig. 4where again the overall H contentjs plotted bulk concentrations of H increase wiifa and therefore.
againsteg. 1, and B) represent compositions at the interface must increase in accord with thermodynamic princigis
and the bulk, respectively. The phase boundaries are showrsince 1y increases with increasing H concentration in the
by the horizontal solid lines. The values @f in the co-  two-phase field, the plateau slopes. LE at the interface was
existing bulk phases are fixed @ because of the immobil- first discussed by Oates and Flanaffdras a possible source
ity of the metal atoms in the bulk phases. The non-vertical of plateau sloping in metal alloy—H and intermetallic—H sys-
lines in the two-phase field are iso-chemical potential tie- tems.

lines for the co-existence of the two phases. Their extensions The model of LE must be modified under some conditions
into the single-phase regions are shown. The dashed linesyherecg becomes equal ta, on theg side of the interface
within the two-phase field are extensions of the single-phasepefore fs =1 and therefore the plateau would not slope in

iso-chemical potential tie-lines. this region. The following conditions contribute ¢g = ¢,
Upon entering the two-phase field afid. 4 thebulkand  at the 8 side of the interface forfg < 1 [6]: large particle
interface compositions of the phase are the sams+(, /) size, a small differencecg — co) at I; (Fig. 4) and a small
butthisis notthe same for thfgphase where the bullB() and thickness of the pile-up on theside of the interface. In the
interface (;) compositions differ. With increase gf within above discussion it was assumed that these conditionsare

the two-phase field, the bulk metal compositions will always  fulfilled andcg = ¢, only at f3 = 1 which seems most likely
remain aftco but the interface will vary withfs. At 2, where for nano-sized samples.

fs= % thea phase interface and bulk compositions Brand Even under conditions whetg is reached at small values
By, respectively, while the co-existingphase compositions  of fg, LE can play a role in metal hydride systems. For in-
are I and B2. TheseB phase compositions are obtained by stance, Park and Flanag&hutilized the concept of LE to ex-
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plain the “aliquot effect” in LaN [7] whereby fast interface P {unact) — -
velocities lead to lower hydride formation plateau pressures ! 2
than slow velocities. In this case, the plateaux are relatively
flat and therefore it was assumed that fhphase composi-
tion at the interface became equalktpat a relatively small Pi [y 2
value of fg.
1‘% P, [ 3
3. Plateau thermodynamic parameters vis-a-vis =
hysteresis
o 5' ry
The following applies to most practical situations for metal dNT:O r(HM)  — Mb?

hydrides where a plateau is present, i.e., PE obtains because
under CE conditions there would be no plateaux for ternary rig. 5. Schematic diagram of reversible and irreversible paths for hydride
systems. Since PE is the dominant situation and it gives riseformation and decomposition for reacti¢h). The upper, irreversible path

to plateaux, some discussion of plateau thermodynamics isl” — 2" is for unactivated material and the next lower orfes12', is for
pertinent hydriding the activated form.

Since enthalpy is path-independent it is clear that if the
H, is ideal and the process is isothermal,

AH(l — 6)= AH(3— 2) =0 and thereforeAH(1
—2)=AH(@®6— 3)= AHFf,lateq. The same argument can
be made for hydride decomposition giviagd (4 — 5) =
AH(3— 6)= AH&aaeq- Because it has been assumed that
equilibrium hydride formation and decomposition are the ex-
act reverses of each other, the calorimetrically measured en-
thalpies for hydride formation and decomposition must have
the same magnitude. i.e.,

3.1. Plateau enthalpies

3.1.1. Calorimetrically determined enthalpies

Calorimetrically measured enthalpies do not depend on
the attainment of equilibriunpy, but only on the heats
evolved/absorbed which are essentially independepiiof
provided that the bl behaves ideally and hydrostatic effects
are nil. It should be recalled that most calorimetric determina-
tions of enthalpies of chemical reactions are carried out under
irreversible conditions. If hydride formation and decompo-
sition are the exact reverses of each other, their calorimet-
ric enthalpies must be equal in magnitude. This will not be |AH(6 — 3)| = [AH(3 — 6)| = |AHplateq-
strictly true because the phase boundaries are not the same for
hydnde formation and decomposition, but this is genera”y It is also instructive to consider the heats for hydrlde for-
a second order effect and the calorimetric enthalpy magni- mation/decomposition using the reversible steps because they
tudes are very closely equal at moderagtg. High precision ~ can be evaluated. The sum of the heats (per mol H) for
calorimetry shows that for ZrNi—H, which has a large hys- hydride formation (1— 2') from the reversible pathways
teresis, the hydride formation and decomposition values of (Fig. 9) is given by Eq(2):
ﬁgﬁ:\lzr_eHe&gi[B] and the same is true for Pd—H([®) (1" = 2)(rev. paths.)= (I — 6)+ (6 — 3)+ (3 — 2)

It is of interest to understand why calorimetrically deter- Di 12
mined enthalpies are unaffected by hysterdsig. 5 shows = RT In (Pe) + deq+0 @)
an isothermal schematic system exhibiting hysteresis where 4
the phase boundariesandb expressed as atom ratiosare and geq = —|AHplategl- The irreversible step (1 2)) is,
assumed to be unaffected by hysteresis and, for convenienceljowever, accompanied by a heat evolution from the conver-
a andb are taken as 0 and 1, respectively. The equilibrium sion of the driving force into heats —RT In(ps/pe)*/?,
pathway is shown for convenience in the center of the nor- which enters the surroundings cancelling the heat for the

mal hysteresis gap; it cannot be located abhgver belowpy reversible step (1— 6). The total heat change for the irre-
because then the assumed irreversible steps:>(2') and versible hydride formation (1» 2') is thereforezeq(6 — 3)
(4 — Y), would not generate entropy. which is equal to—|A Hpjateqgl; this shows that the driving

Pathways with initial and final states labelled with primes force is evolved as heat from the overcoming of obstacles
are irreversible and those with unprimed or a mixture of causing the hysteresis. Similar arguments can be made for
prime and unprimed states are reversible. The hypotheticalthe decomposition step where there is also a driving force
reversible step (6> 3), which does not have to exist for a converted to a heat.
real system, corresponds to reversible hydride formationand The same argument can be applied to the initial hydrid-
decomposition according to reacti¢h): ing cycle of, e.g., LaNj, where p, initial is much greater
1 than for subsequent hydriding as reported first by Flana-
2H2(pH;.eq) + M = MH. @) gan and Bieh[[11]. It was found by Luo et al[12] that
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the calorimetric enthalpy for the initial hydriding (acti- If a similar procedure is carried out ®FIn pé/Z, Eq.(7)
vation) was the same as for subsequent ones despite thgs gptained:

large difference in their plateau pressures because the ar-
guments are not affected by the specific valuegrofFig. AHS = (hyst x fa) + AHSeq ()
5). The reversible heat for the steg' (@& 2”) (Fig. 5) is RT
In(ps, initial / pe)/? — | AHplateql @nd the heat dissipated by
the driving force is- RT In(p initial / peq) ™/ ? and therefore the
heat for the irreversible step’(1> 2”) taking place at the ini-
tial high pr is againgeq(6 — 3) = —|AHpjateql despite the
fact that the initial cycle causes the alloy to disintegrate into
small particles. Any heat evolution accompanying the disin- ecausef; +fa = 1. It should be noted thata H}l <
tegration returns to the surroundings and any energy which |AHg|at| follows from Eqs.(6) and (7)since the hyst.termis
is not evolved due to creation of new surface is relatively always positive and this inequality is found experimentally.
unimportant for the AB intermetallics. These conclusions hold for both alloys and intermetallic hy-
dride systems.

where the signs oA H are negative for hydride formation
and positive for decomposition. If Eq®) and (7)are added:

1/2
AHfjo+ AHfjy = hyst= RTIn (5;) (8)

3.2. Plateau enthalpies from van’t Hoff plots
3.3. Plateau entropies

The majority of thermodynamic data are derived from

van't Hoff plots of the plateapy, which are directly affected  1he entropy change for reactigh) wherep, = phj.eq
by hysteresis. In some M—H systems hysteresis is very large,S 9iven by

e.g., for CeNi—H, RT In(ps/pqd)Y/2 = 1.9 kd/mol H and the A Hplateq

plateau enthalpies obtained from the van’t Hoff plots are ASplateq = T (9)

AH), = —8.35kJ/mol Hand\ g, = 11.1 kd/mol H[13],
i.e., their magnitudes differ by 25%. In other words, there can
be large differences between the van't Hoff determined values
for hydride formation and decomposition.

Since the plateapy, are directly influenced by hysteresis,
it seems obvious that the van't Hoff plots should be affected.
It is instructive to examine this quantitatively starting from
the identity

where A Hpjateq iS the equilibrium value, i.e., one from
calorimetry or else, if this is not available, an average magni-
tude from the two van't Hoff plots would be a good approx-
imation to A Hpjateq As seen from Eq(9) this equilibrium
entropy clearly depends on temperature.

The usual entropies determined from van't Hoff plots,
however, are not fopy, = ph,.eq (reaction (1)) but for
PH, = 1bar. The H is in its standard state for this entropy

1/2 changeA Spiat 1 bar but since non-stoichiometric solid phases
RT In pfl/z = RT In <pf> + RT In pé{f (3) are not considered as standard states, a designation reserved
Peq for stoichiometric hydridesA Spjat 1 bar Would not be a stan-

where the first term on the right_hand_side represents hys_dard value. In M—H SolutionS, the |nf|n|te|y dilute solution is
teresis for hydride formation (> 2') and will be indicated ~ taken as the standard state.

as (hystx  f;) where f; is the fraction of the total hysteresis For reaction(1) with pn, = 1 bar, theASpiat1par can be
due to hydride formation and, it is important to note, hys- derived from calorimetry using:

teresis does not change much with temperature unless the A Hpjat cal | 12

temperature range is significant enough to change the phasé®Splat1bar= ——— — R N(pplateq) (10)

boundaries, e.g., near the critical temperature. For example, i . 12
from the data of Lasser and Kldtt4] for Pd—H, hysteresis, = Wheréppiateqis approximated byt pq)™'< andA Hpjat cal =
RT In(ps/ pa)2 = 740 J/mol H at 343K and 766 J/mol Hat A Hplateq. The lasttermin E(10)is the entropy for changing

423 K. Since this is nearly temperature independent(Bq.  PH. ff0M pplateqto 1 bar. Since thé Hpjat cal/T term is unaf-
can be re-written after division b as: fected by hysteresis, it is desirable to also remove the effect

of hysteresis from then, term and the use of the geometric
mean appears to accomplishes tkig. 6 shows desorption
data for Pd—H whereX HpjatedT), R In pé{f and their sum
are plotted against. It can be seen that the addition of the
first two quantities gives & Spiat 1 bar Nearly independent of

12 _ (hystx f)
£ T

RInp + RIn pgi? (4)

and differentiation with respect toZl/gives:

aln p;/? 3N par temperature. Similar plots may be made for other M—H sys-
f _ Peq
) | (hyst x fi) + R 31/T) (5) tems.
Curiously,A Spjat 1 barvalues derived from van’t Hoff plots
or do not appear to be affected by hysteresis whileAlf#at
; . valuesare affected[15]. If Eq. (3) is differentiated with re-
AHpg = (hyst x fi) + AHpjaeq (6) spect to7, —Asglatlbaris obtained becaus®T In pfl/2 is the
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Fig. 6. lllustration of entropy changes for reactidr) for pn, = pH, (eq)
or =pn, (1bar) using desorption data for Pd-BMSpjat (pH, = 1bar); A,
ASpiat (PHp.eq), (O) RIn pY2.

Gibbs free energy change for reactidr) or a more general
version of it where: # 0 andb # 1.

. d(TIn pi’?)
_ASpIat,lbarZ R T

12 din pey
= R In(ppiateq) '~ + RT —ar (11)

3.4. Some recent theoretical developments

Electronic structure calculations on metal-hydrogen sys-
tems prior to about 1980 (for a review sgi&]) gave little
information about the lattice stability of hydrides or the pre-
ferred site for occupation by the hydrogen atoms. Knowledge
of the latter is important in any thermodynamic modeling of
a phase and, in earlier times, was often based on simple ge-
ometric conceptfl7].

In 1986, Nordlander et al18] made a more sophisticated
analysis by carrying out jellium-type calculations. It was sug-
gested that H atoms attempt to occupy positions where the
electron density is such as to make the embedding energy
most exothermic. In the majority of metals this coincides
with H occupying the tetrahedral (T) sites (bcc metals) and
octahedral (O) sites (hcp and fcc). In certain metals, however,
the generalization appeared to break down and it was of little
value for site occupancy in intermetallic compounds.

The situation has changed dramatically in the past few
years with the use of calculations based on ab initio den-
sity functional theory19,20] These calculations are capable
of providing a much more complete picture for the thermo-
dynamicist, i.e., lattice parameters, site occupation, stability

where A Spjat 1 bar refers to an entropy change at 1bar un- elastic properties, zero point energies and phonon spectra can
affected by hysteresis rather than to the value for reac- all be calculated (sg@1-27). Although the Vienna Ab Ini-
tion (1) at pplateq and it has been assumed, as above, that tio Simulation Package (VASH28] has mostly been used

d(hystx f;)/dT) = 0. It can also be shown for hydride de-

composition that thﬁs&aﬂ parObtained from the van't Hoff

in these calculations, there are some differences in the detail
which can influence the results obtained. It seems necessary,

plot is also independent of hysteresis. Thus, the van't Hoff- for example, to use the generalized gradient approximation

determinedA Spiat| values for hydride formation and decom-

position should be equal to each other but|thél, | should
not be.

(CGA), asopposedtothe linear density approximation (LDA)
for both the hydride and the Hmolecule in order to obtain
the best accuracy in the calculations. When just looking for

In contrast to most metal-H systems, the data for Pd— trends along a particular transition metal series, however, this

H are sufficiently accurate to test these thermodynamic ar- may not be too important. Similarly, whilst the calculations
guments. For exampl¢AH£aLp|at| = |AH§aLp|at| =191+ over-estimate the cohesive energies of the pure metals, this
0.2kJ/molH from reaction calorimetric measurements at also may not be too important when the interest lies in the
298 K[10]. The most accurate thermodynamic data fygm  formation energy of the hydride since the error cancels out
¢—T measurements for Pd—H were obtained by Lasser andto a large extent.

Klatt [14] where complete isotherms were measured at 15  The total energy calculations of hydride stability refer to
different temperatures from 323 to 393 K giviiyy Hpjatl = stoichiometric compounds at 0K and to phases which are
19.5and 18.7 kd/mol H for hydride decomposition and forma- defect-free. This should be borne in mind when comparing
tion, respectively. The average of their enthalpy magnitudes with the results from experimental measurements where the
values is 19.1kJ/molH agreeing almost exactly with that hydrides often contain large vacancy and dislocation densi-
from reaction calorimetrj10]. The difference betweenthese ties. The experimental results for stabilities obtained from
two magnitudes from the van't Hoff plots is 0.8 kJ/molH plateau pressure measurements are also often influenced by
which is in good agreement with the prediction from Eq. hysteresis.

(8) that this should be equal to hysteresis for Pd—H and  Although the calculations refer to 0 K, calculations of zero
its value at the average temperature of their measurementspoint energies and/or the phonon spectrum gives information
383K, isRT In (pr/pqg)Y/? = 0.79 kdJ/mol H. The magnitudes  on the vibrational contributions to the free energy so that
of the entropy changes derived from the van’t Hoff plots by some information on the effect of temperature is obtained.
Lasser and Klatt are 46.3 and 46.2 J/KmolH for hydride With the same information for thesimolecule, information
formation and decomposition, respectivglyl]. The value on the temperature variation of the enthalpy of formation can
from calorimetry is 46.6 J/JK mol H10] using Eq.(10) and be obtained.

Pplateq = (ptpd)Y/2. Thus, data for this classical metal-H The studies reported to date have either concentrated
system conform remarkably well with the thermodynamic on particular hydrides formed from rare-earth com-
predictions. pounds[21,24,25] or have looked for the factors which
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determine stability by looking at trends whilst traversing the thermodynamic properties of the individual phases with the
Groups across the periodic tafit2,23] Wolverton et al[26] assessed phase diagram. The Calphad method sets out to rec-
have examined the Al-H system in detail and have also tify this and ensures compatibility between single-phase data
calculated the stabilities of several other ordered hydrides. and phase diagrams. Gibbs energy minimization packages
Calculations on disordered phases, of either the host alloycan be used to optimize the parameters in models used for
or of the H atom location in ordered compounds is a more describing the properties for the individual phases. Since pa-
difficult exercise. An approximation to such phases can be rameters are optimized by considering both the individual
achieved in the supercell approach in which an ordered su-phase properties and the phase diagram, compatibility be-
perstructure is considered. Here, the size of the unit cell is tween the two is ensured. Recent assessments by Zeng et al.
increased and the occupation within this cell adjusted to the [34] for the Ni—-H system and by Konigsberger et [@5]
non-stoichiometric composition desired. Mayer et[al(] for the Ti-H and Zr—H systems, have used this approach for
have used this method for the calculation of the elastic con- M—H systems.
stants of NbH alloys. Calculations of, say, the energetics of At the moment there is a problem, in regard to M—H sys-
the solution of randomly distributed H in a random Pd-Ag tems, with the models available in the Gibbs energy mini-
alloy would seem to be too much to expect at the moment. mization packages. Site blocking, in which the occupation of
Although their work was concerned principally with the an interstitial site is prevented by the prior occupation of a
Al-H system, Wolverton et a]26] performed a series of cal-  neighboring interstitial site, i.e., there is an effective repul-
culations for the formation energies of 15 binary hydrides sion between near neighbor H atoms, is an accepted feature
which included both transition and non-transition metals as in the modeling of some M—H phases. Site blocking gives
shown in Fig. 5 and Table 4 of their paper. There is very rise to a large non-ideal entropy of mixing and this can only
good agreement between calculated and experimental val-be estimated either through the use of Monte Carlo simu-
ues for the formation energies, especially when the calcu- lations[36] or through the use of higher order approxima-
lated/experimental differences referred to above are takentions[37,38] The models which are available in the Gibbs
into account. energy minimization packages, on the other hand, adopt the
Wolverton et al. also found that, in the case of Al-H, the Bragg—Williams approximation and assume ideal mixing on
site occupation problem is more complex than previously the interstitial sub-lattice. If the crystallographic value of
thought. Both atomic relaxation and anharmonic vibrational g8 =6 (8 is the number of interstitial sites per metal atom
effects play an important role in determining the site which is 6 for H in T-site occupation in a bcc metal) were
occupation preference. In unrelaxed calculations, the O-siteto be used with this assumption, then extremely large excess
is preferred, as it is when the higher zero point energy in Gibbs energies would be required to fit the experimental re-
the T-site is allowed for. However, the energy reduction sults. Rather than do this, it is more straightforward to select
associated with the larger atomic relaxations around the a value ofg which permits the fitting of experimental results
T-site outweighs these factors making the T-site marginally with relatively small values o&E. Whilst this procedure is
favored in this system. not as physically satisfying as using a blocking model, it is
Semi-empirical methods, in which the information from the best that can be done at present in applying the Calphad
total energy calculations and experimental results is mappedmethod to M—H systems.
onto a pair potential or functional representation, would also
seem to have an important role. The Embedded Atom Model
(EAM) is the best known method of this tyfi29]. A set of ~ Acknowledgement
EAM potentials for used with M—H systems has been assem-
b|ed by Ruda et a|[30] W|th such an energy representa_ Professor C.-N. Pa.rk iS thanked for Sharing h|S Valuable
tion, larger number of atoms can be considered, thus makinginsights on the thermodynamic of metal-H systems with TBF
it possible, for example, to carry out Monte Carlo calcula- Over the years.
tions of the high temperature thermodynamic prope{8é&$
or to consider the energetics associated with extended
defects.
A second development which should be mentioned con-
cerns the use of the Calphad metH8&] in assessing the .
thermodynamic properties of M—H systems. In the past, dis- [2] C.-N. Park, T.8. Flanagan, Scripta Met. 37 (1997) 1709.
) . : ! [3] J. Kirkwood, |I. Oppenheim, Chemical Thermodynamics, McGraw-
cussions of the thermodynamics of M—H systems have tended  ~ Hill, New York, 1961.
to be regarded as a completely separate exercise from a dis-[4] F.A. Kuijpers, Philips Res. Rep. Suppl. 2 (1973).
cussion of their phase diagrams. This is apparent from the [5] M. Hillert, Jernkont. Ann. 136 (1952) 25.
recent monograph of Manchester and Pj&8] in which a [6] C.-N. Park, T.B. Flanagan, Ber. Bunsenges. Phys. Chem. 89 (1995)
very thorough assessment for binary M—H systems is car- 7] éﬁgoéodde”’ J. Less-Common Met. 99 (1984) 1.
ried out. It is clear there, however, that there has been no [g] p. pantzer, P. Millet, T.B. Flanagan, Met. Mater. Trans. A 32A (2001)
systematic consideration of the compatibility of the assessed  29.
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