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Abstract

Compositions in the range Zr,V;B; 156 4000.18_0.60 ffom the Zr-V—-B,0, system have been subjected to metallographic characterisa-
tion, microprobe analysis and powder neutron diffraction. On melting, boron was found to be reduced from its oxide and in the annealed
condition, it was identified as a constituent of two phases, n-oxyboride Zr,V,(B,0) and vanadium boride V,B,. Hydrogen absorption—
desorption properties were studied and related to the phase and structural composition of the alloys. A redistribution of the light atoms
(oxygen, boron) within the n-oxyboride Zr,V,(B,0) matrix and, also, between the constituent phases of the alloys takes place during high
temperature cycling in hydrogen which could indicate increased lattice mobility of these non-metallic elements in the hydride material.
O 1999 Elsevier Science S.A. All rights reserved.
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1. Introduction

Zr-V and Zr-V—Fe aloys belong to a group of efficient
hydrogen absorbers [1,2]. The two-phase alloys formed
when the Zr/V sequence is close to equiatomic, consist of
a-Zr and a C15 Laves-phase compound ZW, (ZV,_ Fe)
[1]. Zr-V and Zr—V-Fe aloys doped with boron oxide
modify the phase distribution, and an intermetallic com-
pound with a cubic m-Fe,W,C structure type is formed [2].
The as-cast, B,O, doped aloys have favourable hydro-
genation properties. Hydrogen can easily be absorbed and
the H-storage capacities are increased, exceeding 2.5 wt.%
H [2]. The effect of the B,0O, addition on the hydro-
genation behaviour in the Zr-V-B,0O, system is still not
clear.

The present work focuses on studying the relationship
between the structure and hydrogen absorption—desorption
properties of the ZWV—-B,0, aloys.
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2. Experimental details

The aloys were prepared from stoichiometric mixtures
of high purity constituents, zirconium (99.97%), vanadium
(99.5%) and boron oxide (99.9%), by arc melting in argon
gas on a water cooled copper pad. The aloy specimens
were remelted severa times in order to improve sample
homogeneity. Further annealing of the samples, placed
inside evacuated, sealed quartz tubes, was performed at
1273 K for 14 days. The aloys were then quenched into
iced water.

Sample characterisation was carried out by powder X-
ray diffraction (XRD) [Philips PW1012 diffractometer, Cu
Ko radiation].

B,0, (99.98% 'B-enriched) was used in order to avoid
the high absorption of neutrons by natural boron. Powder
neutron diffraction (PND) data were collected at T=293 K
with the PUS instrument (A=15482 A; 20=10-130";
A20=0.05"; 2400 data points) at the Institute for Energy
Technology, Kjeller. The samples were contained in a
sealed, cylindrical vanadium holder with a 5 mm inner
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diameter. The GSAS (General Structure Anaysis System)
software [3] was used in the Rietveld-type refinements.
Nuclear scattering lengths were taken from the GSAS
library (b,,=7.16, b,,=—0.38, b,=5.80 fm) and from Ref.
[4] (b,, =6.65 fm).

Scanning Electron Microscopy (SEM) [on JEOL 6300
and JEOL 840 instruments] was used for the characterisa-
tion of the microstructures and for microprobe element
analysis.

Hydrogen absorption—desorption properties were studied
using Temperature—Pressure Analysis (TPA) and Hydro-
gen Differential Therma Anaysis (HDTA) techniques at a
heating rate of 5°min ‘. Purified hydrogen gas was
supplied from a LaNig-based hydrogen storage unit. Pow-
dered dloys for the neutron diffraction studies were
obtained by a deuterium absorption—desorption cycle
(initial gaseous pressure 1 bar; D, purity 99.8%). The
synthesis of the deuterides was performed after a prelimi-
narily vacuum activation of the aloys at 673 K.

3. Results and discussion
31 SEM and X-ray diffraction studies

A relatively small boron oxide doping [=0.2 mol B,O,/
(3Zr+3V)] increases the H-storage capacities compared to
the mixed oxide Zr,V,0O [1,5,6], see Fig. 1. The cell
parameters are not changed significantly. However, in-
creased B,0, oxide contents [=0.2 mol B,0,/(3Zr+3V)]
gives a drastic reduction of both the H-contents and the
cell parameters of this phase.

Detailed structural studies were carried out for two
alloys with superior H-sorption characteristics, the stoi-
chiometric compositions were Zr,V,B,,,0,5 and
Zr;V3B, 400, 60 BOron oxide was not present in the as-
cast aloys, indicating a complete redox type interaction
with the ZrV melt. Several phase constituents were iden-
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Fig. 1. Cell parameters and H-storage capacities for the Zr.V,,Fe,—
B,O, alloys versus boron oxide content [1]. Reference data for Zr,V,0
[5,6] are shown for comparison.

tified by microstructural studies and element analysis: solid
solution of oxygen in zrconium a-ZrO,, Laves type
intermetallic \,-ZV,, n-oxyboride Zr,V,(B,0),VO, 4, and
its boride. Fig. 2 shows that annealing decreases the
abundance of both «-ZrO, and \,-ZNV/,, and, in paralé,
increases the relative amount of m-Zr,V,(B,0). The oxy-
boride becomes the matrix phase (see Fig. 2b and ¢),
growing from initial thin intergranular layers (see Fig. 2a).
This indicates that both a- and \ ,-phases are involved in
the peritectoid interaction resulting in the formation of the
m-phase.

From elementa analysis (Zr: 0~3.3: 1) and XRD data,
the oxygen content in o-ZrO, was estimated to be Zr,0,
which is the limiting value for the continuous solid
solution of O in «a-Zr [7]. The upper limits of the cell
parameters of the hexagonal unit cell of a-ZrO, (a=
3.243(4)-3.257(1) A; c=5.185(3)-5.209(4) A) from the
XRD data are larger than the corresponding reference
values for Zr,0 (a,,. =a/~/3=3.2502; c=5.1975 A [7]).
It is believed, due to the relationship between the O-
contents and the unit cell parameters in a-ZrO,, that the
oxygen concentration probably exceeds 25 at.%. Further
investigations of the binary Zr—O system are necessary to
clarify this suggestion. The present Rietveld refinements
were based on the literature crystal structure data for Zr,O
(8.

The elemental analysis of the annealed Zr,V,B, ,,O, 6o
alloy showed that both boron and oxygen participate in the
formation of m-Zr,V,(B,0O) oxyboride. A complex nitride
Zr,VgN, with the Fe,W,C type structure was found
previoudly in the Zr—-V—N system [9], and a formation of a
mixed m-type oxynitride Zr,V,;(N,O) with two non-metal-
lic elements present, was reported earlier [1,10]. We have
not found any published data on the formation of B-
containing m-phases in the Zr-V system.

Vanadium boride is the second boron-containing com-
pound in the Zr,V;B 5, 6400036-060 SyStem. It has a
smaller grain size than the other constituent phases (see
Fig. 2). By XRD it was determined as V,B,. Quantitative
phase analysis of the PND pattern showed the fraction of
this phase in the multiphase samples (the data are pre-
sented below).

From the SEM and XRD data, the following reactions in
the Zr-V-B,0, system can be proposed:

(@ Reduction of the boron oxide on melting the alloy:

Zr+V +B,0, O Zr,0 + Zr,V,(B, 0) + V,B,

(b) Peritectic formation of the Laves \,-ZiV, phase
during solidification of the as-cast alloy and during anneal-

ing:
Zr+2v 0 ZW,

(c) High-temperature (peritectoid) synthesis of the -
phase during annealing:
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Fig. 2. SEM images of the Zr,V,B, ,,0, ;5 (& as-cast; b, annealed) and Zr,V,B, ,,0, ¢, (C. annealed) aloys. Phase constituents: 1 — Zr,0; 2 — \,-Z1V,; 3
— M-Zr;V,(B,0); 4 — VO, ,/V,B,.

ZNV, +Zr,0 + V,B, 0 Zr,V,(B,0)
3.2, Powder neutron diffraction studies

Observed, calculated and difference PND profiles for the
Zr3V3Bg 2400 36 and Zr3ViB, 400, 0 aloys are shown in
Fig. 3a and b. Table 1 presents coordinates, temperature
factors and R-factors from the Rietveld-type analysis for
two m-oxyborides. Zr and V atoms are completely ordered
with Zr occupying the 48f sites and V in both the 32e and
16¢ sites. In Zr,V,B,,,04 36, the non-metallic atoms, O
and B, completely occupy only one site, namely the
distorted octahedra Zr. These data are in good agreement
with previoudy published results for the n-Zr,V,0 oxide
[6].

In ZryV;Bo 400,60, the 8b sites start to fill by O/B
atoms (population of 4%), in addition to the ~94%
occupation of the 16d positions (see Table 1).

Since the neutron scattering lengths are not significantly

different for O and *'B (5.80 and 6.65 fm, respectively), it
was not possible to determine the relative abundance of
these elements in the m-oxyborides. Further studies are
necessary to clarify this point; a mixture of *°B,0O, and
1B, 0, can be used to distinguish the contribution from O
and B in the overall scattering.

In contrast to the nearly 100% occupancy of the
distorted Zrg 16d sites in the aloy, these octahedra are
only partialy filled in saturated deuteride (~30% in the
Zr;V3B, 400, go-Pased m-deuteride). The regular 8b Zrg
octahedra are completely occupied by inserted atomsin the
deuteride. These results can be interpreted presumably in
terms of the redistribution of the inserted atoms during the
absorption—desorption cycling. Complete PND data for the
Zr,V,Bg 5,00 36~ anNd  ZrV,B, 00, go-based  deuterides
will be published separately [11].

Relative phase fractions of the existing phase con-
stituents, m-ZryV4(B,0), Zr 0, V;B,, VO, and ZW,
(zwv,_,B,) determined from the quantitative phase analy-
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Fig. 3. Observed (+), calculated (upper ling) and difference (lower line) powder neutron diffraction profile for Zr,V;B, ,,0, 5 (@ and Zr,V;B, 4,0, ¢, (b)

alloys after one deuterium absorption—desorption cycle. The positions of the peaks of the constituent phases are marked (from bottom to top): Zr,V,(B,0),
eror V3Bzv Voo.osv )\2'ZN2 ()\Z-ZNZ X x)
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Table 1

Atomic coordinates and temperature factors (in 10’2,&2) for the Zr,V,(B,0) m-oxyboride from the Rietveld refinements of the PND data for the
Zr,V3Bg 24-0.4000.36-0.60 Al0ys after proceeding through one deuterium absorption—desorption cycle

Alloy Atom Site X y z U Occupancy
ZrV,Bg 540036 Zr 48f 0.5636(2) 3/8 3/8 0.59(5) 1.00(-)
%! 16¢ 0 0 0 0.5(-) 1.00(-)
V2 32e 0.204(2) 0.204(2) 0.204(2) 0.5(-) 1.00(-)
(0+B)° 16d 1/2 1/2 1/2 0.9(1) 1.08(2)°
Zr.V,B, 4000 60" Zr 48f 0.5648(2) 3/8 3/8 0.99(4) 1.00(-)
V1 16¢c 0 0 0 2.2(16) 1.00(-)
V2 32 0.203(2) 0.203(2) 0.203(2) 1.0(-) 1.00(-)
(0+B)’ 16d 1/2 1/2 1/2 1.14(9) 0.94(1)
(0+B)’ 8b 7/8 3/8 718 2.0(-) 0.04(1)

2Zr,V,B, ,,0,.5: Space group Fd3m; a=12.1607(2) A; R,=0.063; R,,,=0.080; x’=155.
®In the refinements **B/O sequence was kept equal to 2:3, as in the doping boron oxide.
° More than 100% occupancy indicates increased population of the 16d sites by 'B.
9Zr,V,B,..000.c: SPace group Fd3m; a=12.1705(4) A R,=0.061; R,,=0.078; x’=188.

sis of the PND data (Table 2), are consistent with the alloy
microstructures. The weight fractions of Zr,O and V,B, in
the aloys were found to rise with increased doping (see
Table 2).

Good agreement between the derived crystallographic
characteristics of the present phases and the reference data
should be noted from Table 3. In the refinements, the Zr,O
suboxide was described as having a hexagonal superstruc-
ture with a~a_,, X V3; c~c_,, [8] and oxygen atoms
filling every third Zr, octahedron regularly. No variations
of oxygen contents were allowed. Similarly, oxygen
content was also fixed inVO, to x=0.03, which is equal to
the value reported in the literature [12]. In the case of
V,B,, the refined atomic coordinates for the vanadium and
boron atoms have been found to be close to those for the
uranium and silicon atoms in the U,Si, compound [13].
Finally, in the case of the Zr,V,B,,,0, 3 aloy, a mea
sured cell parameter for the \,-phase is lower with respect
to ZV,, which agrees with a suggestion of possible

Table 2

Relative  abundance of the phase condituents in the
Zr VB 40400036060 allOys after proceeding through one deuterium
absorption—desorption cycle determined by quantitative analysis of the
PND data

Phase Relative abundance, wt.%
ZrSVSBO.24OOA36 Zr3V3BO.4OOO.60
M-Zr,V,(B,0) 84.9(-) 79.5(-)
Zr,0 8.5(4) 11.7(2)
V,B, 3.7(4) 6.4(3)
VOi0s 0.6(1)* 11)°
VA 1.3(3)
ZN, B, 2.3(3)

®The relative amount of VO, ,, was limited to be equal to the content
of VD, in the deuterated aloy (the latter was derived from Rietveld
refinements of the PND data for the corresponding deuterides). Without
congtraints, the phase fraction of VO, ,, in the deuterium-free samples
appeared to be inconsistent with the microstructural characterisation and
XRD studies of the alloys, observed here to be increased significantly due
to a small value of the neutron scattering length of vanadium.

substitution of ~ 5% of vanadium by smaller boron atoms
(see Table 3 for the details).

3.3 Hydrogen absorption—desorption properties

Hydrogen absorption  properties of  anneded
Zr3V3Bo 15-0.4000.15-0.60 differ significantly from the as-
cast aloys. After annealing, hydrogen absorption starts at
605-630 K, as shown by the TPA and HDTA measure-
ments (see Fig. 4). This unexpected low hydrogenation
activity contrasts with the behaviour of these alloys in the
as-cast condition [1,2]. Oxygen atoms are probably redis-
tributed in the aloys during annealing, with an increased
concentration in the intergranular areas, thus blocking the
low-temperature hydrogenation.

In the TPA study, the ZryV,B, 0,6 Sample was
heated above 630 K to ~ 1010 K, and no further
absorption was observed, see Fig. 4. This suggests that no
disproportionation of the m-oxyboride metal matrix takes
place during the experiment. This was confirmed by the
XRD data, and is in contrast to the slight disproportiona-
tion observed under similar P—T conditions for the iso-
structural mixed oxide Zr,Fe,O,  [16,17].

Hydride decomposition proceeds continuously under
vacuum over a wide temperature range from room tem-
perature to approximately 960 K, with peaks at 500 K and
a 810 K, see Fig. 5. Hydrogen desorption from the
m-oxyboride and the other phases was completed in the
course of these experiments, as after desorption, the unit
cell parameters agree well with the initial, non-hydro-
genated alloys. Similar behaviour was reported earlier for
the hydrogenated m-oxide Zr,V,0 [18].

A smal amount of a new phase constituent, the face
centred cubic zirconium (boro)oxide is formed during the
high temperature deuterium desorption (see Fig. 6), pos
sibly indicating an increased mobility of the non-metallic
atoms when hydrogen (deuterium) is present.

Increased oxide doping decreases the thermal stability of
the hydrides formed. Fig. 7 shows that the second H-
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Table 3

Crystallographic data for the minor phase constituents in the Zr,V,B ,4_0.4000 36_0.60 al0ys &fter proceeding through one deuterium absorption—desorption

cycle (from Rietveld refinements of the PND data)

REfaence data Zr3V3BO.2400.36 ZrSVSBOAOOO.GO
Zr,0 Space group P6,22; . Space group P6,22; Space group P6,22,
a=5.6295; c=5.1975 A; a=5.6172(7); a=5.6308(5);

6 Zr in 6g: 0.333, 0, 0;
20in2c: 1/3, 2/3,1/4 [8]

V,B, Space group P4/mbm;
Structure type: U,Si,;
a=>5.728-5.739;
c=3.028-3.030 A;
atomic coordinates are not
given [12,13].

U,Si, structure type [14]:
Space group P4/mbm;
a=7.3299(4);

©=3.9004(5) A
2Ulin2a: 0,0, 0;

4 U2 in 4h: x, 1/2+x, 1/2;
x=0.181.

4 Siin4g: x, 1/2+x, 0;
x=0.389

VO, o3 Space group Im3m;
a=3.048 A [15];
2Vin2a 0,0, 0;
0.06 O in 6b: 1/2, 1/2, 0

AR Space group Fd3m;
a=7.448(3) A;
8 Zrin 8a: 1/8, 1/8, 1/8;
16V inl6d: 1/2,1/2,1/2[15]

N,_.B

2—xx

c=5.185(1) A:

6 Zr in 6g: 0.3333(-), 0, 0;
U, =01(2) A%

20in2c: 1/3, 2/3, 1/4;
U.,=02(4) A®

Space group P4/mbm;
a=5.755(2);
c=3.038(2) A:
2V1lin2a: 0,0, 0;

U, =10(-) A%
4V2in 4h: x, 1/2+x, 1/2;
x=0.17(3);

U, =10(-) A%

4B ind4g: x, 1/2+x, 0;
x=0.388(3);

U, =19(6) A’

Space group Im3m;
a=3.043(1) A;
2Vin2a0,0,0;

U, =10(-) A%

0.06(-) O in 6b: 1/2, 1/2, 0;
U, =20(-) A’

Space group Fd3m;
a=7.412(3) A;

8 Zr in 8a: 1/8, 1/8, 1/8§;
U, =10(-) A%

152 (9)V in 16d: 1/2, 1/2, 1/2;

U, =10(-) A%

0.8(16) B in 16d: 1/2, 1/2, 1/2;

U, =10(-) A’

c=5.1898(7) A;

6 Zr in 6g: 0.3333(-), 0, O;
U =10(1) A%

20in 2c: 1/3, 2/3, 1/4;
U.,=46(6) A®

Space group P4/mbm;
a=5.746(2);

c=3.036(1) A;

2V1lin2a: 00,0

U, =10(-) A%

4V2in 4h: x, 1/2+x, 1/2;
x=0.17(2);

U, =10(-) A%

4B in4g: x, 1/12+Xx, 0;
x=0.390(2);

22

U.,=20(-) A

Space group Im3m;
a=3.028(2) A;
2Vin2a0,0,0;

Ui, =10(-) A%

0.06(-) Oin6h:1/2,1/2,0;
U, =20(-) A

Space group Fd3m;
a=7.482(6) A;

8 Zrin 8a: 1/8, 1/8, 1/8;
U, =10(-) A%

16 Vin 16d: 1/2, 1/2, 1/2;
U, =10(-) A®

desorption peak shifts gradually from 893 to 723 K when
the amount of oxide increases. It is reasonable to assume
that the (O+B) contents increases in the metal matrix in
parallel with the amount of B,O, involved in the inter-
action. From this it can be concluded that the dissolution of
the non-metallic elements decreased the hydride's stability.

Finally, the onset of hydrogen desorption was found to
depend significantly on the history of the hydride. Hy-
drides, decomposed in situ after synthesis, start to desorb

hydrogen already at room temperature (Fig. 5), whereas
even short exposure to air poisons their surface and
suppresses the near-room temperature desorption. For
these poisoned hydrides, the hydrogen desorption starts at
noticeably higher temperatures, 373-423 K (desorption
traces not shown).

In conclusion, boron and oxygen were found to be
involved in the formation of the m-type compound
Zr;V,4(B,0), which is the matrix phase of the boron oxide
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Fig. 4. TPA and HDTA traces of the hydrogen absorption for the
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Fig. 5. HDTA traces of the hydrogen desorption from the
Zr,V,B, 100, 60-based saturated (1 bar H,) hydride.

doped and annealed ZrV aloys. H-storage capacity and
thermal stability of their hydrides are strongly influenced
by the B,O, contents. No disproportionation of the m-
oxyboride Zr,V,(B,0) occurs in hydrogen gas (1 bar H,)
at temperatures up to 1010 K, indicating a high thermo-

1600
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Fig. 6. XRD pattern of the Zr,V,B,,,0,,, aloy after one hydrogen
absorption—desorption cycle.
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Fig. 7. The dependence of the high temperature pesk of hydrogen
desorption on the amount of B,O, doping in the ZiV aloys.

dynamic stability of the metal matrix. Instead, a redistribu-
tion of the light non-metalic atoms (O,B) in the lattice of
the m-oxyboride proceeds in the high temperature region,
showing that their mobility could be increased in the
hydride.
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