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bstract

We report here on powder mixtures, with nominal compositions Mg7Zn and Mg7Zn3, which were ball milled (i) at room temperature in an inert
r atmosphere, (ii) at liquid nitrogen temperature (cryomilling), and (iii) at room temperature in a reactive H2 atmosphere (reactive milling). In all

ases, ball milling results in the formation of an amorphous Mg–Zn phase with a likely composition of about Mg45Zn55. A fraction of Mg is left

nreacted and transforms to MgH2 if ball milling is carried out in a reactive H2 atmosphere. Hydrogen-absorption (H-absorption) in a Sievert-type
pparatus for the powders ball milled in Ar results in the partial conversion of the Mg into MgH2. The amorphous Mg–Zn phase appears not to play
ny significant role in the hydrogen-sorption (H-sorption) behaviour and crystallizes into Mg21Zn25. The latter partially decomposes into MgH2

nd MgZn2, provided the hydrogenation reaction is extended for sufficiently long times.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Ball milling techniques are recognized as an important tool
or processing potential Mg-based hydrogen storage materials.
n one hand, this is due to the grain-size reduction process,
hich occurs during the continuous fracturing and cold welding
f the powder particles and resulting in an improved hydrogen-
orption (H-sorption) kinetics [1]. On the other hand, the mixing
f elements/compounds at an atomic scale and the extended solid
olubility of metals, which is observed upon ball milling, allows
he production of metastable alloys with possible interesting
ydrogen storage properties [2]. We have therefore investigated
he effect of ball milling on the hydride-formation processes in
he Mg–Zn system.

It was previously reported by Bruzzone et al. [3] that the
g51Zn20 intermetallic compound obtained by annealing ele-
ental powder mixtures could absorb up to 3.62 wt%. The

esulting hydrogenated compound corresponded to a nominal
omposition of Mg51Zn20H95. However, Song and Park [4] later

ointed out that, upon hydrogenation, Mg51Zn20 decomposes
nto Mg and other Mg–Zn intermetallic compounds, and Mg
s the only species taking part in the hydriding/dehydriding
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rocess. More recently, Jonsson [5] calculated with a density
unctional theory (DFT) approach the stability and hydrogen-
elease temperature for Mg–TM hydrides (TM = 3d transition
etals) having a nominal composition Mg7TMHx and an fcc-

ike structure. They reported that Mg7ZnH16 whose formation is
hermodynamically possible, is expected to desorb hydrogen at
emperatures close to room temperature. The dissociation into
he elements or into the dehydrogenated Mg7Zn alloy was shown
o be equally favorable.

In this work, we have explored the possibility to synthesize
ovel Mg–Zn ternary hydrides with interesting hydrogen stor-
ge properties by ball milling (i) at room temperature in an inert
r atmosphere, (ii) at liquid nitrogen temperature (cryomilling),

nd (iii) at room temperature in a reactive H2 atmosphere (reac-
ive milling). The investigation was focused on two Mg-to-Zn

olar ratios: 7:1 (based on the predicted existence of the hydride
g7ZnH16 from the DFT calculations) and 51:20 (correspond-

ng to the only Mg-rich intermetallic compound, Mg51Zn20,
eported in the Mg–Zn phase diagram [6] and whose H-sorption
roperties were previously investigated).
. Experimental

Elemental powder mixtures with nominal composition Mg7Zn and
g51Zn20 were ball milled using either a Fritsch P6 planetary ball mill or a

PEX 6750 Freezer/Mill. The latter allows milling to be carried out at liquid

mailto:stefano.deledda@ife.no
dx.doi.org/10.1016/j.jallcom.2006.11.189
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Fig. 1. PXD patterns for (a) Mg7Zn ball milled for 50 h in Ar using a planetary
m
b
f

a
p
t
r
t
a
p
f

i
b
t
p
u
m
g
a

T
A
a

B
C
B

74 S. Deledda et al. / Journal of Alloys a

itrogen temperature (cryomilling). All the powders were handled in a glove
ox under a protecting Ar atmosphere. For the planetary mill, stainless vials,
nd balls were used. The ball-to-powder ratio was about 40:1 and the rotational
elocity was set to 400 rpm. A modified lid equipped with a valve for the intro-
uction of gases in the volume of the vial allowed milling also in a H2 atmosphere
t 5.5 bar. In such cases, H2 was refilled periodically each 10 h of milling. Cry-
milling was performed using a specially designed stainless steel vial, in order
o minimize oxygen and nitrogen contaminations, and with a stainless steel
ylindrical impactor. The mass ratio between the impactor and the powder was
5:1.

The powders ball milled in Ar were subsequently hydrogenated at 575 K and
n initial pressure of about 80 bar in a Sievert-type apparatus designed and built
n-house at IFE. The hydrogen-containing samples were analyzed by thermal
esorption spectroscopy (TDS), which was carried out in dynamic vacuum at a
eating rate of 2 K/min up to 575 K.

Powder X-ray diffraction (PXD) was carried out using an INEL MPD
iffractometer and a Siemens D5000 diffractometer both with Cu K� radiation.
elected samples were analyzed at the Swiss–Norwegian beam line (BM1A)
t the European Synchrotron Radiation Facility (ESRF) in Grenoble, France.
canning electron microscopy (SEM) was performed using a Hitachi S-4800
quipped with a cold field emission electron source.

. Results and discussion

.1. Ball milling in Argon

Fig. 1 shows the PXD patterns for Mg–Zn powders after ball
illing in Ar. After 50 h of milling in a planetary ball mill,
broad diffraction maximum centred at Q ≈ 2.71 Å−1 can be

bserved for both the Mg7Zn (pattern a) and Mg51Zn20 pow-
ers (pattern b). This suggests the formation of an amorphous
hase. At the same time diffraction peaks from elemental Mg
re superimposed on the broad diffraction maximum, indicating
hat a significant fraction of Mg is left unreacted. No structural
hanges are detected if the milling time is increased to 100 h
see pattern c for the Mg51Zn20 powder). In Fig. 1d the PXD
attern for as-milled Mg51Zn20 mixture after 9 h of cryomilling
s shown. Also in this case peaks from elemental Mg are superim-
osed on a broad diffraction maximum centred at Q ≈ 2.71 Å−1.
ence, despite the relative short milling time in this case, the

ormation of an amorphous phase can be assumed to occur also
pon cryomilling.

The diffraction peaks for the unreacted magnesium have
bout the same intensity in all patterns, except in the pattern for
g7Zn, that is the system richer in Mg, which are considerably
ore intense. This suggests that the amorphous phase, which
orms upon mechanical alloying, has about the same composi-
ion regardless the nominal composition of the initial elemental
owder mixtures. More Mg in the system gives more unreacted
agnesium. Furthermore, we can assume the composition of the
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able 1
bsorption data (H/Mg and gravimetric capacity) for Mg–Zn powders. Some experim

lso given

Temperature (K) Initial press

all milled Mg51Zn20 585 79.3
ryomilled Mg51Zn20 563 82.4
all milled Mg7Zn 574 78.6
ill, (b) Mg51Zn20 ball milled for 50 h in Ar using a planetary mill, (c) Mg51Zn20

all milled for 100 h in Ar using a planetary mill, and (d) Mg51Zn20 cryomilled
or 9 h.

morphous phase to be of around Mg45Zn55 (at.%). For this com-
osition Miedema semi-empirical model predicts a minimum in
he enthalpy of formation of an Mg–Zn amorphous phase, as
eported by Calka and Radlinsky [7] They have also investigated
he amorphization of Mg–Zn alloys upon mechanical alloying
nd found that a complete amorphization was not achieved when
ure Mg70Zn30 elemental powders were mechanically alloyed
or up to 100 h.

The powders ball milled in Ar atmosphere were hydrogenated
n a Sievert-type apparatus. The amount of hydrogen absorbed
y each sample is summarized in Table 1 together with the
emperature and initial pressure at which hydrogenation was
erformed. In Fig. 2 the PXD patterns for the absorption prod-
cts are shown. The sample with the highest relative content of
agnesium, Mg7Zn, was the one that absorbed most hydro-

en, that is 4.4 wt% after 92 h at 574 K. As shown by PXD
nalysis (Fig. 2c) the powder after hydrogenation consists of a

ixture of tetragonal MgH2 (main phase), MgZn2, Mg21Zn25,

nd Mg. The planetary ball milled Mg51Zn20 powders absorbed
.3 wt% H2 after 5 h at 585 K, whereas the cryomilled powders
ith the same composition absorbed 0.2 wt% H2 after 18 h at

ental conditions, that is temperature, initial pressure, and absorption time, are

ure (bar) Time (h) H/Mg wt%

5 0.63 1.3
18 0.09 0.2
92 1.47 4.4
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Fig. 2. PXD patterns after hydrogenation for (a) Mg51Zn20 ball milled for 100 h
in a planetary mill, (b) cryomilled Mg51Zn20, and (c) Mg7Zn ball milled for 50 h
in a planetary mill. To avoid confusion only the diffraction peaks from MgH2
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a significant fraction of Mg has been hydrated. Moreover, the
partial precipitation of nanocrystalline Mg21Zn25 is observed
as the amorphous halo sharpens. Extending the milling time up
to 100 h (Fig. 3e) results in the almost complete conversion of
re marked, the remaining reflections stemming from Mg21Zn25, MgZn2, and
g.

63 K. Also in these cases the only hydrogen-containing phase
etected by PXD after hydrogenation was tetragonal MgH2 (see
ig. 2a and b, respectively). The main phase is Mg21Zn25 and
iffraction peaks from elemental Mg and MgZn2 can also be
bserved.

Absorption experiments and PXD data suggest that the
pecies that undergoes hydrogenation is metallic Mg, resulting
n the formation of MgH2. On the other hand, the amorphous

g–Zn phase, which is observed after ball milling, seems
ot to play an active role and crystallizes most likely into
g–Zn intermetallic compounds. As previously reported for
elt-spun ribbons with composition close to the eutectic [8],
g–Zn glasses usually crystallize at temperatures as low as

50 K. In particular, above 500 K the crystallization of amor-
hous Mg60Zn40 results in the formation of Mg and “MgZn”.
The accurate stoichiometry for the intermetallic compound

gZn was later reported together with its crystalline struc-
ure as Mg21Zn25 [9]). In our case, this suggests that, when the
owders are heated up above 550 K for hydrogenation, the amor-
hous phase produced by ball milling and assumed composition
round Mg45Zn55, crystallizes into Mg21Zn25, corresponding to
g45.6Zn54.4 at.%.
Furthermore, PXD data show that also MgZn2 forms

uring hydrogenation. This indicates that upon hydrogena-
ion Mg21Zn25 partially decomposes into MgH2 and MgZn2.
ccordingly, the quantity of the hydrogen absorbed by the ball

illed Mg–Zn powders is governed not only by the relative

ontent of magnesium, but also by the time of the hydrogena-
ion reaction. This would explain why the amount of hydrogen
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bsorbed by the Mg7Zn sample is significantly larger than that
bsorbed by the Mg51Zn20 ball milled powders (Table 1). On
he other hand, the small capacity observed for the Mg51Zn20
ryomilled powder likely stems from the relatively low reac-
ion temperature, that is 563 K compared to 585 K for planetary

illed Mg51Zn20, and the resulting slower hydrogen-absorption
H-absorption) kinetics.

.2. Ball milling in hydrogen

Fig. 3 shows the PXD patterns for the Mg51Zn20 and Mg7Zn
owders ball milled in H2 atmosphere at 5.5 bar for different
illing times. For the Mg51Zn20 system, patterns a to c show

hat the milling produces an amorphous phase already after
0 h, and a large fraction of Mg is left unreacted. The broad
iffraction maximum associated with the amorphous phase is
bserved at Q ≈ 2.70 Å−1. This is nearly identical to the value
bserved for the powders ball milled in Ar. After 40 h of milling
Fig. 3b) the 110 (2θ ≈ 27◦) and 211 (2θ ≈ 55◦) reflections of

gH2 can be observed, and at the same time the intensity of the
g peaks decrease. This suggests that the hydride forms at the

xpenses of the Mg. More MgH2 forms when the milling time is
ncreased to 60 h (Fig. 3c), although not all Mg is transformed.
n addition, the amorphous maximum sharpens, indicating that
nanocrystalline phase, likely Mg51Zn20, is precipitating from

he amorphous phase. For the Mg7Zn powders, Mg is observed
s the main phase after 40 h (Fig. 3d). However, the relatively
igh intensity of the 110 reflection for MgH2 points out that
ig. 3. PXD patterns (Cu K�) for Mg51Zn20 and Mg7Zn after reactive milling
n H2 for (a) 20 h, (b) 40 h, (c) 60 h, and (d) 40 h, (e) 100 h, respectively.
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The authors would like to thank H. Jónsson for stimulat-
ig. 4. Secondary-electron SEM images for Mg51Zn20 (a) ball milled for 100 h
n Ar using a planetary mill and (b) ball milled for 60 h in H2.

lemental Mg into MgH2. At the same time broad diffraction
eaks from MgZn2 and metallic Zn can be observed.

According to the PXD data, the hydrogenation reaction
ccurring upon reactive milling in hydrogen can be regarded
s analogous to that discussed above for the powders milled in
rgon and hydrogenated at about 575 K and 80 bar. MgH2 forms
rst from unreacted elemental Mg after the amorphization reac-

ion. When most of the “free” magnesium is consumed, MgH2
tarts to form at the expenses of Mg21Zn25. The latter precipi-
ates from the amorphous phase and decomposes to MgH2 and

gZn2. It is worth noticing that in this case, that is by reactive
illing, the crystallization of the amorphous phase is triggered

y the combined action of the mechanical treatment and H2
ather than by temperature as observed above. Furthermore, ball
illing in a hydrogen atmosphere promotes the reduction of

he particle size. This is shown in Fig. 4, which compares the
econdary-electron SEM images for Mg51Zn20 powders (a) ball
illed in Ar for 100 h and (b) ball milled in H2 for 60 h. It can

e observed that after ball milling in argon the average particle

ize can be estimated around 20 �m. Some particles are as large
s 60 �m. After reactive milling the particles are smaller than
�m, and most are around 1 �m.

i
o
fi

ig. 5. TDS curve for Mg51Zn20 ball milled for 60 h in H2. The dashed line
efers to the temperature ramp (2 K/min).

Finally, TDS was carried out for the Mg51Zn20 powders after
eactive milling. Fig. 5 shows that desorption sets is at about
25 K and proceeds in one step. The desorption peak is likely
elated to the desorption of MgH2. The relative low desorption
emperature is due to both the effect of ball milling and the pos-
ible catalytic action of Zn [1]. Indeed, the only phases detected
y the PXD analysis after TDS (not shown) are Mg21Zn25 (main
hase), Mg and MgH2. The presence of residual MgH2 indicates
hat the desorption is only partial and suggests that temperatures
igher than 575 K are required to achieve a full conversion from
gH2 to Mg. Moreover, it is worth noticing that no diffrac-

ion peaks from MgZn2 were observed by PXD after TDS. This
onfirms that the Mg–Zn amorphous phase crystallizes poly-
orphously to Mg21Zn25, and that MgZn2 forms as a result of

he H2-driven decomposition of Mg21Zn25.

. Conclusions

Ball milling of Mg21Zn25 and Mg7Zn powder mixtures
esults in the formation of an amorphous Mg–Zn phase with
likely composition of about Mg45Zn55. A fraction of Mg is

eft unreacted and transforms to MgH2 if ball milling is car-
ied out in a reactive H2 atmosphere. Hydrogen desorption for
he reactively milled powders sets in at about 525 K. However,
emperatures above 575 K should be reached to have complete
esorption. Hydrogen-absorption for the powders ball milled
n Ar results in the partial conversion of the Mg into MgH2.
n all cases, the amorphous Mg–Zn phase appears not to play
ny significant role in the H-sorption behaviour and crystallizes
nto Mg21Zn25. The latter partially decomposes into MgH2 and

gZn2, provided the hydrogenation reaction is extended for
ufficiently long times.
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