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The hydride forming behavior of the isoelectronic alloys ZrMn,, ZrCrFe, and ZrVCo was studied. All
of the host alloys and hydrides crystallize in the Cl4-type crystal structures. Pressure-composition
isotherms (PCls) were determined for temperatures of 22, 50, 150, and 200°C. The standard thermody-
namic quantities were derived from measured PCls and from calorimetric measurements. ZrVCo,
ZrCrFe, and ZrMn, have approximately the same hydrogen capacities at room temperature. However,
the stabilities are quite different. The standard free energy changes, AG,, are 5.75, 13.60, and 19.30 kJ/
mole - H, for decomposition of the hydrides of ZrCrFe, ZrMn,, and ZrVCo, respectively. The hydro-
gen capacities and the stabilities for these isoelectronic materials increase with the order of ZrCrFe,

ZrMn,, and ZrVCo. This is in accordance with the order of the unit cell volumes of the alloys.
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Introduction

It was established a few years ago that
the hexagonal Laves phase compounds
ZrMn, and ZrCrFe can incorporate extra
3d-transition elements (7) in the lattice (/-
5). Hydrogenation and magnetic charac-
teristics of these two nonstoichiometric
systems ZrMn,T, and ZrCrFeT, were ob-
served to be very similar (5-9). Since these
are isoelectric materials, it appeared that
the hydrogenation characteristics might be
essentially identical for chemically similar
and isoelectronic Laves phases systems.
To test this hypothesis, the hydrogenation
characteristics of the isoelectronic triplet
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ZrMn,, ZrCrFe, and ZrVCo were exam-
ined. Results obtained are presented in this
paper. Pressure—composition isotherm
(PCI) curves are presented along with de-
rived thermodynamic quantities AH, AS,
and AG. In addition, calorimetrically deter-
mined AH values for absorption and de-
sorption are presented for some of the sys-
tems.

Experimental Details

1. Sample Preparation

Zirconium and the transition elements
(purity, 99.9%) were induction melted in a
water-cooled copper boat under a Ti-get-
tered Ar atmosphere using an r.f. genera-
tor. Compositions were determined by syn-
thesis. In the case of the ZrMn; alloy,
because of the volatility of Mn, 5 wt% extra
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Mn was added. These samples were held
molten for a time interval to secure the
proper stoichiometry as judged by the
weight of the sample after melting. The
time interval needed was established in pre-
liminary experiments. The samples were
then heat treated for 3 hr at 1000-1100°C.

The structure and homogeneity of the
prepared compounds were determined by
powder X-ray diffraction. Excellent pat-
terns (narrow lines with high intensity)
were obtained for all the systems studied.
This and the analysis of the patterns indi-
cated that all the alloy samples were single
phase.

2. Hydride Preparation

Before hydrogenation, the system con-
taining the sample was flushed with hydro-
gen up to five times and was evacuated
each time to 107% atm. The alloys were acti-
vated by exposing them first at room tem-
perature to hydrogen having a pressure in
the range 50-60 atm until hydrogen no
longer absorbed, followed by several hy-
drogenation and dehydrogenation cycles to
insure a well-defined active surface. The
activated alloys generally absorbed hydro-
gen fully within a few minutes. To obtain
the crystallographic data, the hydrides
were poisoned by SO,, using the technique
of Gualtieri et al. (10). The SO,-poisoned
hydrides were not pyrophoric in air, al-
though before poisoning, they had been
converted into a fine powder because of hy-
dride forming.

3. Measurement of PCI

PCIs of hydrogen desorption were estab-
lished by conventional gasometric tech-
niques. The PCIs were determined for tem-
peratures between 22 and 200°C, and the
initial pressures were 34.1 atm (500 psi) for
all measurements. For all of these samples
the PCIs were measured at pressures above
and below atmospheric pressure. The
amount of time needed for the equilibrium
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pressure to be reached ranged from 4 to 24
hr, depending on the temperature at which
the PCI was measured. The quantity of hy-
drogen removed and amount of gaseous hy-
drogen remaining were calculated, utilizing
the Beattie-Bridgeman equation of state. A
Hoskins tube furnace was used for high
temperature PCI measurements. The tem-
perature of the sample chamber was regu-
lated to approximately +0.5°C using a VFI
temperature programmer.

4. Calorimetry

The experiments were carried out in a
calorimeter constructed from a 500-ml De-
war flask. The flask was provided with a
motor-driven stirrer, a thermister, and a
heater. The detailed structure and opera-
tion of this device are described elsewhere
(11). The total experimental error in AH is
estimated to be less than 4%.

Experimental Results

Crystal Structures

All three host metals crystallize in the Cyy
(MgZn,) structure with unit cell size in-
creasing in the order ZrCrFe to ZrMn; to
ZrVCo. Lattice parameters for the host
metals and their hydrides are shown in Ta-
ble 1. By X-ray diffraction the hydrides ap-
pear to form in the C,4 structure. Hydroge-
nation is accompanied by about a 20%
increase in unit cell size. The first two ma-
terials show a larger expansion in the basal
plane than along the unique axis. For
ZrVCo the expansion is nearly isotropic.
The anisotropic expansion of ZrCrFe and
ZrMn; indicates preferential interstitial site
occupancy by hydrogen in these materials
(12). ZrVCo has the largest unit cell volume
of three alloys studied. As might be ex-
pected at the fixed hydrogenation pressure
(500 psi), it has the highest hydrogen ca-
pacity.
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TABLE I
HYDROGEN CAPACITY AND CRYSTAL STRUCTURE PARAMETERS

Host Mole

ap co Vo a c |4 AV/Vg
alloy? weight Structure (&) (A) (A /e Hydride Structure (&) (A @AY %) cla
ZrCrFe  199.06 Cl4 5029 8.258 180.87 1.64 ZrCrFeHss Cl4 5314 9707 21534 191 1.629
ZtMn, 20109  Cl4  5.030 8.370 18121 1.644 ZrMnyHis Cl4 5442 8848 22693 252 1.627
ZrVvCo 201.094  Cl14 5073 8282 18459 1.633 ZrVCoHsg Cl4 5404 8.861 224.18 22.1 1.638

9 The initial pressure applied to these isoelectronic materials to form hydrides are the same: 34.1 atm (500 psi).

Pressure—Composition Isotherms and
Thermodynamic Properties

These data are shown in Figs. 1-3. Rec-
ognizable plateau regions are observed for
ZrCrFe and ZrMn;, but not for ZrVCo. Hy-
drides of ZrCrFe and ZrMn, generate a
two-phase system. This does not happen
for ZrVCo, at least in the pressure—temper-
ature region studied. Perhaps a two-phase
region develops at lower temperatures and/
or pressures. All three systems form stable
hydrides at room temperature, in that the
decomposition pressure is less than 1 atm.

Thermodynamic properties (AH, AS, and
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AG) were derived from the van’t Hoff rela-
tionship,
_AH,

InP = RT

+ ASd/R,

where P = hydrogen decomposition pres-
sure and AH, and AS4 are the enthalpies
and entropies of decomposition, respec-
tively. Results obtained, computed at 298
K, are shown in Tables II-1V. Mean values
are shown in Table V.

Calorimetry and Thermodynamic
Properties

The measured enthalpies of absorption
(AH,) and desorption (AH4) are shown in
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FiG. 3. Pressure—composition isotherms for ZrvVCo.

Table VI. It is to be noted that AH, and AH,
differ, but this is not unexpected since
these systems exhibit hysteresis. By com-
bining the observed decomposition pres-
sure with the calorimetrically measured
AH, values, one can calculate calorimetri-
cally derived thermodynamic quantities.
These are shown in Table VI.

Discussion of Results

The AH4 values obtained from the PCI
curves and from calorimetry agree within
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TABLE III
THERMODYNAMIC PROPERTIES OF ZrMn,H
AT 298 K

AHy ASy AGy
Composition (kJ/mole H;) (J/K - mole Hz) (kJ/mole Hy)
ZrMn;Hg s 45.2 103.5 14.3
ZrMnH, o 44.8 104.1 13.8
ZMnH, 5 443 103.5 13.5
ZrMn,H; 44.1 103.4 13.3
ZrMn,H; s 44.8 107.8 12.6
Mean value 44.6 104.5 13.5

experimental error for the hydrides of
ZrMn; and ZrCrFe, but not for the hydride
of ZrVCo. The disagreement for the ZrvCo
hydrides follows because the PCI determi-
nations for this system are inherently more
susceptible to experimental error than the
determinations for ZrCrFe and ZrMn, hy-
drides. This originates with the absence of a
plateau region in the ZrVCo-H; system.
Experimental error is suppressed in a pla-
teau region since a slight mistake in compo-
sition does not affect pressure, which is
compositionally invariant. This is not the
case for the situation which occurs in the
ZrVCo-H; system. It is likely that the calo-
rimetrically derived quantities are more re-
liable in this latter system. Another source
of disagreement between the results in Ta-
bles V and VI is that the hydrogen content
is different. This is not important for the
ZrMn; and ZrCrFe hydrides since AHy var-
ies only slightly with composition. It is a

TABLE II TABLE IV
THERMODYNAMIC PROPERTIES OF ZrCrFeH, THERMODYNAMIC PROPERTIES OF ZrVCoH,
AT 298 K AT 298 K
AH,y ASqy AG, AH, ASy AGy
Composition (kJ/mole H;) (J/K - mole Hy) (kJ/mole Hj) Composition (kJ/mole H;) (J/K - mole Hy) (kJ/mole Hs)
ZrCrFeH, s 30.0 78.8 6.5 ZrVCoH, 5 67.5 139.3 26.0
ZrCrFeH, s 333 91.0 6.2 ZrVCoH,, 64.9 142.8 22.3
ZrCrFeH, s 34.1 94.6 6.0 ZrVCoH; s 63.8 152.6 18.3
ZrCrFeH, 35.0 98.4 5.7 ZrVCoH; 56.0 151.8 10.7
Mean value 33.1 90.7 6.1 Mean value 63.0 146.2 19.4
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TABLE V
MEAN VALUES oF THERMODYNAMIC PROPERTIES

AHy ASy AGy

Hydride (kJ/mole Hy) (J/K - mole H;) (kJ/mole Hy)
ZrCrFeH, 35.0 98.4 5.7
ZrMn;H, 5 4.8 107.8 12.6
ZrVCoH; 56.0 151.8 10.7

more likely source of discrepancy for the
ZrVCo hydrides since in this system AHy
depends significantly on composition.

Isido et al. (13) made PCI measurements
on ZrMn; hydrides and deduced AHy4 from
van’t Hoff plots. They obtained AH; of 39
kJ/mole H,, about 13% lower than those
obtained in this study. The present results
seem more reliable judging from the ob-
served PCls. The data in Fig. 2 show well-
defined plateaus whereas the PClIs of Isido
et al. (13) showed barely discernible pla-
teaus. Therefore, doubt exists in regard to
the quality of their host alloys and/or their
measuring technique.

The data in Table V show that the release - -

of hydrogen from the lattice is endothermal
for each of the three host alloys. The de-
composition free energy (AG,) increases, as
noted earlier, in the sequence ZrCrFe-H,
< ZrMn,-H, < ZrVCo-H,. This is the
same as the order of the size for the unit cell
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for the host alloys. The relationship be-
tween stability (as measured by AGy or
—RTInPy) and unit cell dimensions follows
because of the Lundin Correlation (14).
Lundin related stability to the size of the
interstitial hole which is occupied by hydro-
gen. In a family of related hydrogen host
materials, as the size of the interstice in-

- creased, the stability of the hydride in-

creased. Since the size of the interstice
increases as the unit cell size increases,
it follows that the Lundin Correlation is
equivalent to the assertion that AG, paral-
lels the size of the unit cell.

Summary

ZrVCo, ZrCrFe, and ZrMn; all absorb
hydrogen to roughly the same extent. The
host metals and hydrides appear by X-ray
diffraction examination to be isostructural.
The hydrides are stable at room tempera-
ture in that the dissociation pressure is <1
atm. The hydride of ZrVCo is most stable;
that of ZrCrFe is least stable. This reveals
that while the three host alloys are isostruc-
tural and possess equal numbers of d-elec-
trons, their hydride forming behaviors are
not identical. The three systems studied ex-
hibit behavior which accords with the Lun-
din Correlation (14).

TABLE VI

ENTHALPIES OF ABSORPTION AND DESORPTION DERIVED FROM
CALORIMETRIC MEASUREMENT

AHa AHd ASd AGd

Hydride (kJ/mole H;) (kJ/mole H;) (J/K - mole H;) (kJ/mole H,)
ZrCrFeH; 5 34.1 35.7 (3)° 100.6 5.8
ZrMn,H; ¢ 43.3 45.4 (6) 106.6 13.6
ZrVCoH; 50.9 52.4 (%) 115.0 18.1

< The quantity in parentheses is the number of calorimetric measurements

made.
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