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bstract

The hydrogenation properties of Ti0.85Zr0.15Mn1.5V0.5 alloy for four different microstructures obtained by as-cast arc melting, high-temperature
nnealing, ball-milling, and recrystallization after milling, have been determined. The as-cast alloy reaches a hydrogen content of 1 H/M with
bsorption kinetics of less than 10 s at room temperature. Sloping plateau pressures are obtained for as-cast, and annealed arc-melted alloys due to
he persistence of chemical heterogeneity. Mechanical milling causes formation of amorphous phase, and improves chemical homogeneity. Milled

lloy exhibits no plateau pressure, a lower hydrogen capacity (0.7 H/M), and slower kinetics. Annealing of the milled alloy at 800 ◦C for 30 min
estores the hydrogenation capacity up to 1 H/M with a flat plateau pressure, and fast kinetics. Mechanical milling is an efficient method to obtain
chemically homogenous alloy. Subsequent annealing of the milled alloy produces homogeneous AB2 crystalline phase.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Zr-based AB2 Laves phases have attracted much attention
s hydrogen storage materials since they absorb more than
ne hydrogen atom per metal atom (H/M). For instance, ZrV2,
rCr2, and ZrMn2 alloys absorb 1.8 H/M, 1.3 H/M, and 1.2 H/M,

espectively [1]. (Ti, Zr)Mn2 alloys, crystallizing in the hexag-
nal C14 MgZn2-type structure, have particularly been studied
ue to reversible hydrogen absorption, easy activation, and fast
inetics under normal conditions of pressure and temperature
2–6].

Partial substitution of Zr by Ti in (Ti, Zr)Mn2 alloys is tech-
ologically interesting since it allows tailoring of the plateau
ressure to the required value for applications. However, sig-
ificant sloping plateaux are commonly observed [2,4,6]. Fujii
t al. [3] experimentally proved that sloping plateaux in (Ti,

r)Mn2 alloys are due to chemical heterogeneity. Partial sub-
titution of Mn by other B-type elements is also beneficial to
mprove hydrogenation properties in terms of capacity, hystere-
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ransmission electron microscopy

is, and kinetics [4–5,7–8]. Multi-substituted (Ti, Zr)(Mn, V)2
lloys exhibit sloping plateaux even for well annealed samples
7–8]. Fundamental grounds rather than chemical heterogeneity
ave been proposed to explain this behavior [1,9].

In this work, we study the relationship between alloy
icrostructure and hydrogenation properties of Ti0.85Zr0.15
n1.5V0.5 alloy. This compound absorbs hydrogen with fast

inetics under normal conditions [10]. Different microstruc-
ures were obtained by using four different elaboration routes,
amely as-cast arc melting, high-temperature annealing, inten-
ive milling, and recrystallization after milling. Thermodynamic
nd kinetic hydrogenation properties are measured, and dis-
ussed in terms of the alloy microstructure. A particular attention
s paid to the study of chemical heterogeneity, and its influence
n the plateau pressure.

. Experimental

(Ti, Zr)(Mn, V)2 alloy with nominal composition Ti0.85Zr0.15Mn1.5V0.5 was

laborated by arc-melting of the pure elements (minimum purity 99.7%) in a
ater cooled-copper crucible under argon atmosphere. The alloy was turned
ver, and re-melted several times to improve homogeneity. This alloy is labeled
ereafter as “as-cast” alloy. Next, one part of this sample was thermally annealed
t 900 ◦C for 21 days under argon atmosphere. This alloy is labeled hereafter as
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Table 1
Chemical and structural characterisation for all studied alloys

Alloy Phase Composition (EMPA–EDX) Structure a(Å) c(Å) V(Å3) V% (XRD) V% (EMPA)

As-cast AB2 Ti0.84(3)Zr0.16(2)Mn1.50(3)V0.49(2) C14 4.9140(4) 8.0580(6) 168.51(2) 100 95.1
A3B3O Not measured Zr3V3O – – – Not detected 4.9

Annealed AB2 Ti0.86(4)Zr0.15(4)Mn1.47(2)V0.51(1) C14 4.9157(5) 8.060(1) 168.66(4) 97(1) 94.4
A3B3O Ti0.45Zr0.05Mn0.35V0.15 Zr3V3O 11.330(5) 11.330(5) 1454(1) 3(1) 5.6

Milled AB2 Not measured C14 4.91(1) 8.04(3) 168(1) 40a –
A3B3O Not measured Zr3V3O – – – Not detected –
Amorphous Not measured Amorphous – – – 60a –

Recrystallized AB2 Ti0.88(6)Zr0.15(3)Mn1.41(5)V0.53(5) C14 4.908(2) 8.034(4) 167.63(2) 94(1) –
A B O Ti Zr Mn V Zr V O 11.36(1) 11.36(1) 1467(3) 6(1) –
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tandard deviations referred to the last significant digits are given in parenthese
a Estimated value.

annealed alloy”. Mechanical grinding was done with another piece of the “as-
ast” alloy. The alloy was mechanically crushed down to 1 mm, and introduced
nto a stainless-steal bowl under argon atmosphere. The bowl was sealed with
Taurus ring. About 8 g of alloy powder was grinded for 20 h in a planetary

all mill (Fritsch P7) at a disc rotation speed of 500 rpm with a ball-to-powder
atio of 10:1. Stainless-steal balls, 7 mm in diameter, were used. Small samples
∼300 mg in mass) were extracted at different grinding times (1.5, 5, and 20 h,
espectively) for structural analyses. The alloy grinded for 20 h is labeled here-
fter as “milled” alloy. A part of this alloy was annealed at 800 ◦C for 30 min
nder secondary vacuum (10−6 Torr) and is labeled hereafter as “recrystallized”
lloy.

Chemical and structural analyses were done for the four alloys (that is, “as-
ast”, “annealed”, “milled”, and “recrystallized” alloys). Chemical analyses for
as-cast” and “annealed” alloys were performed by electron probe microanal-
sis (EPMA) in a Cameca SX-100 instrument. Owing to its low crystallinity,
hemical composition of the “recrystallized” alloy was studied by Energy Dis-
ersive X-ray spectroscopy (EDX) in a transmission electron microscope (TEM,
EOL 2000 FX). No chemical analysis was performed for the “milled” alloy.
he crystal structure of the four alloys was studied by powder X-Ray Diffraction

XRD) using Cu K� radiation in a Bragg–Brentano �–� Bruker D8 Diffractomer,
quipped with a backscattered rear graphite monochromator. Electron diffrac-
ion patterns for “milled” and “recrystalllized” alloys were obtained with the

entioned TEM apparatus.
Pressure-composition isotherms (PCI) and quasi-constant pressure hydro-

enation kinetics of the four alloys have been measured with a Sievert’s type

pparatus. The samples with typical mass of 500 mg were introduced under argon
tmosphere in a stainless steel container. Argon was pumped out with primary
acuum before introducing hydrogen. All hydrogenation measurements were
erformed at room temperature using a thermostatic bath to minimize thermal
ffects.

i
e

m

ig. 1. Titanium distribution map of “as-cast” and “annealed” alloys obtained by E
orrespond to the major AB2-phase. The contrast within the grey areas reveals fluctu
. Results and discussion

.1. Alloy characterization

EPMA analysis of “as-cast” and “annealed” alloys reveals
hat they are biphasic. The major phase exhibits AB2 stoi-
hiometry. Its composition is close to the nominal alloy value
Table 1). The minor phase has AB stoichiometry with rela-
ive Ti content much higher than that of the main phase. As
ill be discussed afterwards, XRD analyses indicate that the
inor phase is in fact Zr3V3O-type. To illustrate EPMA results,
ig. 1 shows the titanium distribution map for both alloys. White
reas correspond to the minor Ti-rich phase. The quantity of
inor phase is 4.9% and 5.6%, for “as-cast” and “annealed”

lloys, respectively, as determined by image analysis of Fig. 1.
ts composition is about Ti0.45Zr0.05Mn0.35V0.15, though its fine
ize (∼1 �m) hampers accurate analysis by EPMA. The major
hase (grey area) exhibits significant segregation with composi-
ional gradients fluctuating along tens of microns for both alloys.
right-grey areas are Ti- and V-rich, whereas dark grey areas are
r- and Mn-rich. The annealing treatment changes the topolog-
cal distribution between major and minor phases, but does not
liminate the chemical fluctuations within the major phase.

Fig. 2 shows EDX elemental distribution maps for all ele-
ents in one powder particle of the “recrystallized” alloy. No

DX-TEM. White areas correspond to Ti-rich Zr3V3O-type phase. Grey areas
ations in the Ti concentration. Black areas are due to sample holes and cracks.
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with milling time. Besides, two diffraction bumps centered at
about 42◦ and 73◦ gradually appear. The “milled” alloy (t = 20 h)
is then composed of both nanocrystalline-C14 and amorphous
Fig. 2. Elemental distribution map and bright field

ignificant chemical fluctuations are observed. The composition
s consistent with AB2-type phase and close to the alloy nominal
alue, (Table 1), except for a slight reduction of the Mn-content
hich can be related to partial sublimation of this element during

he annealing treatment. Intensive milling followed by annealing
t 800 ◦C produces chemically homogeneous AB2-type phase.
ccasionally, AB regions of composition Ti0.4Zr0.1Mn0.3V0.2
ere detected, indicating some precipitation of the Zr3V3O-type
hase.

XRD patterns for the four alloys are shown in Fig. 3. The
esults of XRD analysis are gathered in Table 1. All diffraction
eaks from the “as-cast” alloy can be indexed to the hexagonal
14 MgZn2-type structure (S.G. P63/mmc). For the “annealed”
lloy, the C14-phase appears accompanied by two extra peaks.
hese peaks belong to the Zr3V3O-type structure (S.G. Fd3̄m).
he occurrence of this phase in V-substituting Zr(Mn, V)2 alloys
as already been observed by several authors [11–13]. The
r3V3Ox phase is stabilized by oxygen in the Zr–V system
ith minimum and maximum content of 0.6 ≤ x ≤ 1.0, respec-

ively [14]. This suggests that oxygen uptake from the residual
tmosphere took place for the “annealed” alloy during the heat

reatment leading to higher Zr3V3Ox content for this alloy, than
or the “as-cast” alloy (Table 1).

XRD pattern for the “milled” alloy exhibits a very strong
eak broadening. Phase identification and characterization is

F
L
Z

e of the “recrystallized” alloy obtained by EDX.

etter achieved after studying the evolution of XRD patterns
ith milling time (Fig. 4). The diffraction peaks from the C14-
aves phase are observed in all patterns. However, they broaden
ig. 3. XRD patterns for the four investigated alloys. Peaks from the C14-
aves phase are indexed in the “as-cast” pattern. Two detected peaks from the
r3V3O-type phase are labeled by �, and indexed in the “annealed” pattern.
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the Zr3V3O-type secondary phase. The main results are gath-
ig. 4. XRD patterns at different milling time. For t = 20 h (“milled” alloy), the
stimated amorphous contribution to the XRD pattern is shown by a dashed line.

hases. It is difficult to determine the quantity of amorphous
hase. It is estimated to be 60% as evaluated from the ratio
etween the integrated intensity of the diffraction bumps (dashed
ine in Fig. 4), and that of the full pattern. XRD peak broadening
nalysis indicates that the crystallite size of the C14 nanocrys-
alline phase is 3.8 ± 0.2 nm [15]. These results are confirmed
y TEM observations (left Fig. 5). The electron diffraction
mage for the “milled” alloy shows a wide halo, and some dif-
use diffraction spots, indicating a mixture of amorphous and
anocrystalline phases, respectively. These phases are clearly
bserved in the dark field image (shown at the left of Fig. 5). The
verage crystallite size for the nanocrystalline phase is ∼5 nm.
Both C14 and Zr3V3O phases are observed in the XRD pat-
ern for the “recrystallized” alloy (top of Fig. 3). This alloy has
he highest content of Zr3V3O phase (6% in volume as deter-

e
s
c

Fig. 5. Electron diffraction (top) and dark field (bottom) imag
mpounds 446–447 (2007) 218–223 221

ined from the analysis of the diffraction peak intensities). This
s attributed to the high reactivity of the milled powder towards
esidual oxygen during the thermal treatment. The C14 phase
xhibits broad diffraction peaks corresponding to a crystallite
ize of 13 ± 1 nm. This is supported by TEM observations shown
n Fig. 5. The electron diffraction image consists of spotty rings
ypical of a polycrystalline material. The dark field image shows
hat the “recrystallized” alloy is formed by nanocrystallites with
verage size of ∼20 nm.

The most interesting result of this work is that homogeneous
14-Laves phase is obtained after short temperature annealing

800 ◦C, 30 min) of intensive milled alloy whereas an inhomo-
eneous one occurs after prolonged annealing (900 ◦C, 21 days)
f arc-melted alloy. Mechanical milling decreases the crystallite
ize, and produces amorphous phase. This is usually achieved
y continuous fracture and cold welding of alloy particles, and
reation of atomic disorder [15–17]. These morphological and
tructural modifications tend to homogenize the alloy composi-
ion. Recrystallization of the milled alloy yields homogeneous
-14 phase. This is consistent with the results of Chuang et al.

18] and Shudo et al. [13] who report that chemically homo-
eneous AB2-type alloys are obtained using rapid solidification
echniques. Fast cooling rates allow quenching of the chemically
omogeneous liquid phase.

.2. Hydrogenation properties

PCI curves for the four alloys are given in Fig. 6. Hydro-
en content is evaluated without considering the occurrence of
red in Table 2. “As-cast” and “annealed” alloys exhibit quite
imilar isotherms with sloping plateaux for both alloys. The “as-
ast” alloy has, however, a higher capacity than the “annealed”

es of “milled” (left), and “recrystallized” (right) alloy.
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Table 2
Hydrogenation properties at room temperature for the four studied alloys

Alloy P(abs)(MPa) P(des) (MPa) Cmax (H/M) Cmax (wt%) Cmax (g/dm3) t0.8(abs)(s) t0.8(des)(s)

As-cast 0.066 0.057 1.04 1.93 123 4 72
Annealed 0.063 0.057 1.00 1.85 118 5 79
Milled No plateau No plateau 0.70 1.29 82 148 810
R 1.84 117 18 102

P time to attain 80% of the hydrogenation reaction, (abs) and (des) stand for absorption
a

o
i
c
t
e
t
“
c
m
t
l
w
t
c
o
n
(
c
t
t
i
a
b
t
c
(

a
c
a
g

F
s

F
(

k
F
g
a
d
t
(
t

ecrystallized 0.184 0.175 0.99

is the plateau pressure, Cmax is the maximum capacity (at ∼1 MPa), t0.8 is the
nd desorption, respectively.

ne (1.04 H/M as compared to 1.00 H/M), which results from
ts larger plateau. Loss of capacity for the annealed alloy con-
urs with its lower content in AB2 phase. Therefore, annealing
reatment of the arc-melted alloy is not only ineffective for
liminating the chemical heterogeneity, but is also detrimen-
al for the PCI hydrogenation properties. The PCI curve for the
milled” alloy exhibits no plateau. This is attributed to the low
rystallization of the alloy. Hydrogen bonding to amorphous
aterials occurs through a wide energy distribution [19–20]. On

he contrary, a flat plateau pressure is observed for the “recrystal-
ized” alloy after annealing. The flatness of this plateau concurs
ith its improved chemical homogeneity (Fig. 2). This indicates

hat sloping plateaux found by other authors [7–8] in multi-
omponent (Ti, Zr)(Mn, V)2 alloys are related to the persistence
f chemical heterogeneity after thermal annealing. It can be
oted that the hydride of the “recrystallized” alloy is less stable
that is, it has a higher plateau pressure) than those of the “as-
ast” and “annealed” alloys. This is understood from the fact that
he unit-cell volume of the “recrystallized” alloy is lower than
hose of both “as-cast” and “annealed” alloys (Table 1). Accord-
ng to Lundin’s geometrical model, the plateau pressure follows

linear decrease with the lattice volume for a given pseudo-
inary intermetallic compound family [21–22]. The change of
he cell volume between “recrystallized”, and arc-melted alloys
ould be related to slight variations in chemical composition
Table 1).

Fig. 7 shows the absorption and desorption kinetic curves

t room temperature for the four studied alloys. The time to
omplete 80% of reaction (t0.8) is given in Table 2. Hydrogen
bsorption and desorption were conducted in all cases at hydro-
en pressures close to 1 and 0.02 MPa, respectively. Very fast

ig. 6. PCI curves for the four investigated alloys at 25 ◦C. Full and empty
ymbols correspond to absorption and desorption data, respectively.
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ig. 7. Hydrogenation kinetics at 25 ◦C on absorption (top) and desorption
bottom) for the four studied alloys.

inetics is observed for all alloys except for the “milled” one.
ast kinetics is related to a high diffusion coefficient for hydro-
en in well-crystallized (Ti, Zr)(Mn, V)2 alloys (∼10−7 cm2/s
t room temperature [5]). Hydrogen diffusion seems to slow
own for the amorphous phase, which yields slower kinetics for
he “milled” alloy. For the other three alloys, kinetics is so fast
t0.8(abs) < 20 s) that the reaction is certainly heat transfer con-
rolled. This concurs with the fact that hydrogenation reactions
re systematically faster than dehydrogenation ones. Hydro-
en absorption is exothermic, leading to sample temperature
ncrease that accelerates, for instance, hydrogen diffusion. The
pposite occurs on desorption. Nevertheless, kinetics is some-
ow slower for the “recrystallized” alloy than for “as-cast” and
annealed” alloys. This may be related to surface effects. For
milled” and “recrystallized” alloys, hydrogen activation was
ore difficult than for “as-cast” and “annealed” alloys. Milling

reatment seems to produce a very active surface that is easily
assivated by gaseous impurities from the residual atmosphere.

. Conclusion

Room temperature PCI and kinetic hydrogenation curves of
i0.85Zr0.15Mn1.5V0.5 alloy obtained by four different routes
ave been determined, and discussed in relation with the

btained microstructures. As-cast and annealed arc-melted
lloys have very fast kinetics (80% hydrogen absorption in less
han 10 s), and high hydrogen capacities (∼ 1 H/M). However,
oth alloys exhibit sloping plateaux. The annealing treatment
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oes not eliminate the sloping plateau, and promotes the for-
ation of a secondary Zr3V3O-type phase. Milling of the

rc-melted alloy leads to alloy amorphisation, and improves its
hemical homogeneity. Hydrogenation capacity (0.7 H/M) as
ell as kinetics (80% hydrogen absorption in 148 s) are poorer

or the milled alloy than for arc-melted ones. However, subse-
uent alloy recrystallization by short time annealing at 800 ◦C
lmost restores the hydrogenation characteristics of arc-melted
lloys. Furthermore, a flat plateau pressure is obtained which
eflects the improved homogeneity for the main AB2 phase.

echanical milling is an efficient method to obtain chemically
omogenous alloys which can be used as precursors of crys-
alline phases, exhibiting flat plateau pressures on hydrogen
bsorption/desorption.
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