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The effect of minor substitution for Mn on the basic hydriding properties of
Tig.95Zr905Cri12Mng7Xo 1 (X = Mn, Fe, Co or V) has been studied at 20 and 60°C in order to
find alloy-hydrogen systems for high-pressure applications in which high capacity, low
hysteresis and flat pressure-composition-isotherm (PCI) plateaus are required. Samples
have been synthesized by arc melting, and characterized by X-ray diffraction (XRD) and
volumetric PCl measurements. Experimental evidence shows that even a small amount of
V practically eliminates hysteresis while at the same time the PCI plateau slopes increase.
Co-substitution also decreases hysteresis and keeps the PCl plateaus flat, but
Fe-substitution does not seem to have any favourable effect on the basic hydriding
properties. Possibility to study the relationship between hysteresis effect of high-pressure
hydrides and their crystal structure is discussed. © 2000 Kluwer Academic Publishers

1. Introduction tutions of Mn by Fe, Co or V in TigsZro.05Cr1.2Mng g.
The feasibility of metal hydride devices in many ap- The experimental results of this study are reported here.
plications depends, in addition to the efficiency of heat
and mass transfer solutions, on the basic hydriding-
dehydriding properties of the selected alloys: hy-2. Experimental details
drogen absorption capacity, hysteresis and pressurdhe alloy samples were prepared from pure elements
composition-isotherm (PCI) plateau slopes. This isby melting in an arc furnace with a non-consumable
especially the case in applications with strict ther-tungsten electrode and a water-cooled copper tray, un-
mal boundary conditions, such as thermally drivender an argon atmosphere of 1 bar. Purities of the raw
heat pumps and compressors that are to work on materials were as follows: Ti, Zr, Cr and Co 99.99%,
low-temperature heat source (70-&) and ambient Mn and Fe 99.98% and V 99.7%. Samples were turned
cooling (10-25C). Such working conditions could be over and remelted three times and annealed at 1000
expected e.g. in self-sufficient solar hydrogen energyor 10 days under vacuum of 18 mbar to enhance
systems where the heat source of a thermodynamic hjsomogeneity. Both melting and annealing were car-
dride device could be the waste heat of an electrolyzeried out in the presence of titanium getter to ensure
or a fuel cell, or the heat from solar collectors [1]. high-purity preparation environment. Chemical com-
In a previous study [2], AB alloys with rela- position of the synthesized samples was not analysed,
tively good hydriding properties in the high-pressurebutthe weight difference between the raw materials and
range were synthesized. One of the most promisa fully treated sample was less than 0.3% in all cases.
ing alloy-hydrogen systems,gldgsZrp 0sCr1.2Mng g-Ho, Powder X-ray diffraction (XRD) measurements were
was characterised by good capacity and reasonabigone using CHK, radiation with Si-filter in a DRON-2
flat PCl plateaus but still unsatisfactory hystere-diffractometer.
sis, especially at room temperature. Another system, The PCI measurements at 20 and°60were ac-
TiCrMngssFey3Vo.15-Ho, on the other hand, showed complished using a high-pressure volumetric apparatus
notably decreasing capacity atincreasing temperaturedgscribed elsewhere [3]. The annealed samples were
but negligible hysteresis. On the basis of these observarushed (particle size of 1-5 mm) in air just before
tions, it was decided to study whether the best featuremsertion into the high-pressure apparatus and degas-
of these systems could be combined by minor substised (102 mbar) at room temperature for 1-2 h before
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introducing hydrogen (purity: 99.9999%). The samplesunchanged. Fe and Co, on the other hand, contract the
were then activated at a hydrogen pressure of 100—200nit cell in both directions. These observations are in
bar and 20C. After this initial activation, a couple line with the general trend that if a substitution element
of absorption-desorption cycles were performed befordnas a larger atomic radius than the substituted one, unit
reproducible PCI curves could be measured. cell volume is increased, and vice versa (atomic radii of
the B-elements: Mn-0.129 nm, V-0.132 nm, Fe-0.126
nm and Co-0.126 nm).
3. Results and discussion The PCI curves of the studied alloy-hydrogen sys-
According to the XRD analysis, all prepared samplesgems are shown in Figs 1-4. The calculated values
were hexagonal C14, single phase alloys. The latticéor average and minimum PCI plateau slopd(p,/d
parameters and unit cell volumes are listed in Table I. IfH/M); hydrogen to metal atom ratio) as well as
can be seenthatV as a substitution element enlarges thgsteresis factor (the ratio between absorption and
unit cell in thea-direction while thes-direction remains  desorption pressure at constant temperatpggy Pdes

TABLE | Lattice parameters and unit cell volumes of the synthesized samples

Alloy composition a (nm) ¢ (nm) c/a V (10° nnd)
Tiolg5zr0'05CI’1_2Mno_8 0.4873(2) 07993(5) 1.640 164.38
Tio.95Zr0.05Cr1.2Mno7Vo.1 0.4882(1) 0.7992(3) 1.637 164.94
Ti0,95Zr0,05Cr1_2Mno_7Coo,1 0.4867(2) 0.7973(4) 1.638 163.59
Tio.95Zr0.05Cr1.2Mng 7Fep 1 0.4866(1) 0.7974(2) 1.639 163.51
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Figure 2 PCI curves of the BigsZro.05Cr1.2Mno.7Vo.1-Hz system at 20 and 6.
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TABLE |l PCl-properties of the studied alloy-hydrogen systems

Hysteresis PCl slopes
Pabs/ Pdes IN(Pabs/ Pdes) dIn p/d(H/M) min-ave ' _
atH/M =0.5 atH/M =05 (20°C) (60°C) Compression ratio
Alloy (Pdes60°c/ Pabsz0°c
composition 20°C 60°C 20°C 60°C abs des abs des atH/M = 0.5)
Tio.95Zr0.05Cr1.2Mng g2 1.48 1.11 0.39 0.10 0.2-0.7 0.5-0.7 0.5-0.6 0.5-0.7 2.03
Tio.95Zr0,0sCr1.2Mng g° 1.45 0.37 0.3-05  0.4-0.4

Tio.95Zr0.05Cr1.2Mng 7Vo.1 1.10 1.08 0.10 0.08 0.6-0.9 0.3-0.8 0.7-1.5 0.6-1.3 2.51
Ti0_95Zr0_05Cr1_2Mn0_7C00_1 1.35 1.07 0.30 0.07 0.2-0.4 0.3-0.6 0.4-0.5 0.5-0.6 2.19
Tio.95Zr0.05Cr1.2Mng 7Fen 1 1.51 1.09 0.41 0.08 0.6-0.7 0.3-0.6 0.4-0.6 0.3-0.6 2.02

aSample 1 (previous study) [2].
bSample 2 (this study).
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Figure 3 PCI curves of the BigsZro,05Cr1.2Mng7C0p1-H2 system at 20 and 6.
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Figure 4 PCI curves of the BigsZro.05Cr.2Mng 7Fey 1-Hz system at 20 and 6.

or In(Paby/ Pdeg) @nd compression ratiopfesso-c/  the equilibrium plateau pressures differ quite remark-
Pabs20-c) are presented in Table I, all at 1.5 hydro- ably from each other. This may be caused by slight dif-
gen atoms per formula unit{/AB, = 1.5, equal to ferences in true compositions of the alloys: according
H/M = 0.5). to the chemical analysis, the previously studied alloy
Fig. 1 shows the PCI curves of theg¥Zroos  was in fact TgosZrgosCri17Mngg: [2]. The effect of
Cri2Mngg-H, system (sample 1 from the previous impurities on the equilibrium plateau pressures is not
study [2] and sample 2, the present study). Althougtclear, but differences in the maximum hydrogen stor-
the composition of the samples is nominally the sameage capacity and the width of thesolid solution phase
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can probably be attributed to higher impurity levels in metal hydrides (increasing unit cell volume decreases
sample 1 (purities: 99.5-99.8% [2]) than in sample 2AG and equilibrium plateau pressures) is valid for the
(99.98-99.99%). studied systems, the scattering of the data is quite re-
Fig. 2 shows the PCI curves of theg§§Zroos markable already among four examples. This implies
CrioMng7Vo1-Hy system at 20 and 6@. The that it is not possible to predict accurately the PCI
effect of partial substitution of Mn by V can be sum- plateau pressures of an alloy-hydrogen system with
marized as follows. Hysteresis is practically eliminatednew element(s) merely on the basis of geometric fac-
already at 20C but unfortunately, this major achieve- tors, such as unit cell volumes. Obviously, even small
ment is accompanied by a widefphase (which could amounts of a substitution element may modify the elec-
be expected from the model of Bernaetal [4]) and  tronic environment of the host lattice to such an extent
increased slopes of the PCI plateaus neantiphase. that the binding energy of hydrogen atoms to the in-
In addition, the equilibrium plateau pressures are sigterstitial lattice sites and thus, the hydride stability is
nificantly decreased, but this effect—stabilization ofchanged in a way very difficult to predict. This has to
the hydride—can be at least partly compensated for bpe taken into account when tailoring alloys for spe-
decreasing the Zr-content of the alloy. Furthermore, itcific applications with strict boundary conditions. Suit-
could be worth studying whether still smaller amountsable alloys—as far as the equilibrium pressure levels
of V would result in practically hysteresis free alloy- are concerned—may be found by interpolation (and
hydrogen systems—uwith less unwanted side effects. to some extent by extrapolation) of data among alloys
The PCI curves of the §bsZrgo5Cri2Mng7Caop 1- composed osame elementdut if new elements are
H, system at 20 and 6@ are presented in Fig. 3. added, experimental work is indispensable.
Comparison with Fig. 1 (sample 2) shows that par- Hysteresis values of high-pressure AB, systems
tial substitution of Mn by Co reduces hysteresis a littlehave been reported rather scarcely but in many of the
(see also Table Il) and keeps the PCI plateaus wideeported cases the hysteresis effect has been impracti-
and flat. The high equilibrium pressures are also maineally high [5-8]. Onthe other hand, itis well-known that
tained (comparison with sample 2). The only draw-hysteresis can be effectively reduced, and even elimi-
back appears to be the modesty of the improvemennated, e.g. in the case of Tk CryoMngg by super-
but—as Co does not seem to have any negative effecttoichiometry of Ti, and in the case of,BCr,_yMny,
on the PCl-properties, bigger improvements might beby increasing Cr-content [9]. Unfortunately, this seems
achieved with increased Co-substitution. to be achieved invariably with the cost of increased
Fig. 4 shows the PCI curves of theg¥sZroos  sloping and/or decreased length of the PCI plateaus,
CryoMng 7Fey 1-Hz system at 20 and 6@. On the ba- already at—10°C [9]. Nevertheless, it appears to be
sis of Figs 1 and 4, it can be stated that Fe does not haymossible to avoid these drawbacks to a large extent by
any significant positive impact on the PClI-propertiescarefully chosen minor substitutions of Ti or Mn [10],
of the studied base system (see also Table IlI). Howat least at somewhat lower pressure levels than in the
ever, the amount of Fe used was small, only 5 at % opresent study. The hysteresis values reported here are
B-element. among the small but not the smallest; PCI plateaus are
Fig. 5 illustrates that even though the common trendamong the flat (excluding the V-substituted alloy) but
between unitcellvolume and Gibbs free eney&) of  not the flattest, and the capacities are good, too. Al-
together, the observed diversity of hysteresis and PCI
plateau slope behaviour among these high-pressure hy-
drides is not fully understood. More light could be shed
T15 proemermesnmeens , ....................... on these phenomena if the hydriding/dehydriding pro-
: 1 ; “ cesses could be studiéd situ, e.g. by high-pressure
XRD or neutron diffraction. Near ambient pressure,
‘ : ! . in situ XRD has proven to be a useful tool to study
T06 Froveeermseees ..‘ ...................... hydrlde formation reactions [11' 12] By using such
Fg * § ) § methods, it should be possible to find out, whether the
' ' : : hydriding reaction occurs as an abrupt phase change
5 ; base : from the solid solutiond) to the hydride phases),
Y SRR ; D ...................... or as a more continuous increase of the hydrogen con-
’ ' o § centration in the host lattice. In the former case, the
: : change in the lattice parameters would be discontinu-
ous and the resulting stresses atahg interface would
absorption , , probably be proportional to the relative change of the
o desorption | Ve unit cell volume (or lattice parameters). Hydriding re-
: ‘ : actions proceeding in such a way could be expected
75 : : ; : to result in a hysteresis effect proportional to the rel-
T53.0 1635 164.0 1645 165.0 ative change of the unit cell volume betweenand
) B-phases, but possibly in flat PCI plateaus, too, if the in-
unit cell volume 103 nm?3 terstitial lattice sites occupied by hydrogen atoms have
Figure 5 Gibbs free energyAG = RTIn p) at 20°C vs. unit cell vol- the same binding energy. I.n the latter case, hOW.ever’
ume (base: FiosZro0sCriaMnog: others: ThosZroosCriaMnorXor: €T would be no clear-p interface under dynamic
X =V, Co or Fe). conditions and only a single phase could be detected
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under static pressure-temperature conditions (solid sdiysteresis free but PCI plateau slopes were increased;
lution). The lattice parameters would change in a moreTig g5Zro.05Cr1.2Mng 7C0p 1-H2 system showed slightly

or less continuous manner and the stresses and straidecreased hysteresis and otherwise unchanged, rela-
inside the lattice would be less pronounced and alsdtively good PCI-properties. Thus, it was concluded
more evenly distributed throughout the lattice duringthat decreasing V-content in the former and increasing
the hydriding process. This could be expected to resul€o-content in the latter system deserve further atten-
in a small or non-existing hysteresis effect, but probation. Substituting Fe alone for Mn does not seem to be
bly in sloping PCI plateaus, as well. However, similar an interesting option.

PCI behaviour—somewhat sloping plateaus and very

small hysteresis—could be observed in the case of sep-
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