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Abstract

The compound Mg~eH; was synthesized in a single process by reactive mechanical alloying (RMA) a 2Megimixture under hydrogen
atmosphere at room temperature. The process yield is 15.6 wt.% @fé#g, after 100 h of milling. The synthesis of MigeH; takes almost
twice the time and gives nearly half the yield obtained when milling a 2M&e mixture under similar conditions. The differences observed
are explained in terms of the contrast between the mechanical properties and the microstructures of the starting mixtures.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction and then hydriding the material, (b) milling Mg and Fe un-
der a H atmosphere (reactive mechanical alloying, RMA),
Magnesium has been thoroughly studied as a hydride (c) milling MgH, and Fe in an inert atmosphere, and (d)
forming material due to several advantages, such as itsmilling MgH, and Fe under blatmosphere. Huot et 45, 6]
high hydrogen capacity by weight (7.6 wt.%, theoretical have explored alternatives (a), (b) and (c). When milling
value), its abundance in the earth’s crust, and its low cost. Mg and Fe elemental powders, independently of the atmo-
However, its main drawbacks are its high stability and low sphere used, they have found that the milling products have
hydrogen absorption—desorption kinetics. In this perspec-to be submitted to a sintering process after milling4 h at
tive, the family of compounds MNiH4, Mg2CoHs and 350°C under 0.5 MPa of b) in order to obtain MgFeHs.
MgzFehs appears as an interesting alternative, compromis- when milling MgH, with Fe in an inert atmosphere they
ing hydrogen capacity for better hydriding and dehydriding were able to synthesize MBeHs as a milling byproduct.
kinetics. In this family, the compound MEeHs has the pe-  \We have previously followed alternative (fyj] to synthe-
culiarity that the intermetallic MgFe has not been observed  sjze MgFeHs using a low energy milling device, and sur-
in a stable form. As a consequence of this, the synthesisprisingly found that we did not need to sinterize the milling
of the hydride becomes a rather difficult task. Previously products to obtain MgFeHs. We also found there that the
MgzFeHs has been obtained by sintering Mg and Fe pow- most probable reaction path to MeeHs was Mg forma-
ders at high i pressures~100 bar) and temperatures of tjon followed by reaction of this hydride with Fe to produce
the order of 500C for several day§l,2]. An improvement MgoFeHs.
in the synthesis of Mg-eHs was made when mechanical In this work we present the synthesis of MagHs by
alloying (MA) was used to obtain the hydrif@-7]. following alternative (d). In principle, the advantage of this
There are four main alternatives to obtainj#gHs using  synthesis route would be that by providing MgHom the
MA: (a) milling Mg and Fe in an inert atmosphere (e.g. Ar) start of the milling, the first step in the reaction path to
MgzFeHs could be skipped. This could lead to a reduction
* Corresponding author. Fax:54-2944-445299. on the synthesis time and/or an increment in the product
E-mail addressfcastro@cab.cnea.gov.ar (F.J. Castro). yield.
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2. Experimental

Magnesium hydride (Mgh) powder (90%) and iron gran-
ules (>99%) were mechanically milled under hydrogen at-
mosphere, using a Uni-Ball-Mill 1l apparatus (Australian
Scientific Instrument). The 2MgjH Fe mixture (mixture
A), together with ferromagnetic steel balls were placed in

a stainless steel container and enclosed in an argon glove

box. The container was then evacuated to®lIldPa prior to
filling with 0.5 MPa of electrolytic hydrogen (99.99999%).
The samples were milled for different times up to a total
of 140 h and the container was systematically refilled with

hydrogen every 5h in order to keep the hydrogen pressure

constant. The ball to powder weight ratio was 44:1.

At regular intervals, the container was opened in an ar-
gon dry box and a small amount of powder was taken for
analysis by X-ray powder diffraction (XRD), scanning elec-
tron microscopy (SEM), and differential scanning calorime-
try (DSC). The X-ray powder diffraction was performed on
a Philips PW 1710/01 Instruments with CuxKradiation
(graphite monochromator). Scanning electron microscopy
(SEM 515, Philips Electronic Instruments) was used to char-
acterize the microstructure of the powders by using mounte
and polished samples. The thermal behavior of the com-
pound was studied by DSC (DSC 2910, TA Instruments)
with a 6°Cmin~! heating rate and an argon flow rate of
18 mimin1.

3. Results and discussion

In Fig. 1the evolution of the powder mixture with milling
time (mt) can be followed by means of several XRD pat-
terns. After 10 h mt the initial phases (tetragofaMgHo,
JCPDS Powder Diffraction Data Card No. 12—-0697) and Fe
(JCPDS Powder Diffraction Data Card No. 06-0696) are
observed, together with a small reflection corresponding to
orthorhombicy-MgH, (JCPDS Powder Diffraction Data
Card No. 35-1184)8] and two small peaks associated to
MgO (JCPDS Powder Diffraction Data Card No. 45-0946).
From 20 to 60h mt, the evolution is characterized by a
gradual reduction of the intensity and a widening of the
MgH2 peaks (Fe reflections do not change significantly in
this period). After 80 h mt, a couple of peaks corresponding
to Mg;FeHs (JCPDS Powder Diffraction Data Card No.

38-0843) can be seen (weakly present at 60 h mt). Also, at

this milling time, the reflections of Fe slightly appear with

a small reduction in their intensity, and the peaks associated

with MgH> disappear, probably due to the formation of
MgzFeHs, the intense amorphization and the simultaneous
reduction of crystallite size induced by milling. At 100 h
mt the reflections of MgFeHs attain its maximum value.
Further milling only produces a decrease in the intensity of
MgzFeHs reflections, and an increase in the MgO peaks.

Fig. 2 shows the DSC curves of the samples milled up
to 100h. The curve corresponding to 10h riig( 2A)
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Fig. 1. X-ray diffraction patterns of the 2MgH- Fe mixture after RMA,

gasa function of milling time.

presents an endotherm located around “€7(ssociated
with the decomposition of Mghl This decomposition tem-
perature is substantially lower than that of non-milled MgH
~450°C. The reduction in this temperature is a consequence
of both the microstructural changes induced by milling and
a catalytic effect produced by Héd,7]. After 40 h mt, the
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Fig. 2. DSC curves of mixture A after RMA as a function of milling
time: (A) 10 and 40h, and (B) 60, 80 and 100 h.
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Fig. 3. DSC peak position (temperature of the minimum of the endotherms) :
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endotherm shifts a few degrees towards lower temperatures, Milling time (h)
mostly as a consequence of reduction of particle size and
better intermixing of MgH and Fe particles. When the
mixture is milled 60 h, the DSC curves show an endotherm
composed of two peaks, the small one (lower temperature)
can be linked to MgFeH; decomposition and the other one
to MgH, decomposition. After 80 h mt~g. 2B), the dou- 100 h mt, the amounts of M§eHs increase to 10.5wt.%
ble peak observed at 60 h resolves in a deeper endothern{80h) and 15.6wt.% (100 h). After this milling time, the
associated with Mg-eHs decomposition. After 100h mt  quantity of MgFeHs progressively reduces. Consequently,
the endothermic peak of M§eHs decomposition with the  the maximum yield of MgFeHs obtained by milling mixture
greatest area is observed. By further milling, the area of the A is 15.6 wt.%, after 100 h of milling. Ifrig. 4we compare
peaks decreases, in accordance with XRD information. the amount of MgFeHs as a function of milling time for

The evolution of the temperature of the peaks is com- mixtures A and B. It can be seen that the maximum yield
pared inFig. 3 with the behavior observed when milling a for mixture A is nearly half the maximum yield obtained

Fig. 4. Amount of MgFeHs as determined from DSC curves for mixture
A (MgH, + Fe, squares) and mixture B (2MgFe, circles), as a function
of milling time.

2Mg+ Fe mixture (mixture B) under similar conditiofig]. for mixture B, and it takes almost twice the synthesis time.
For shorter milling (less than 60 h for mixture A and 40h This result is very surprising, because Mgkeems to act
for mixture B), the endotherms correspond to Mgit¢com- as an intermediate product in the reaction path to R

position, and their position shift towards lower temperatures [5,7]. We expected that starting from a 2Mgh Fe mixture
with increasing mt. Also, we observe that the decomposition would resultin a higher yield and a lower synthesis time. We
temperatures in the case of mixture B ar®80°C lower than believe that an explanation for this behavior can be found
the decomposition temperatures for mixture A. As will be in the morphology, the microstructure and the mechanical
discussed below, this behavior shows a more efficient inter- properties of the materials milled.
mixing of the materials of mixture B, which can be linked Fig. 5 shows SEM images obtained with backscattered
with microstructural and mechanical differences between electrons of the mixture BHjg. 5A) and of the mixture A
both mixtures. For longer milling times, the endotherms are (Fig. 5B) after 10 h mt. The brighter phase corresponds to Fe,
associated with MgFeHs decomposition. In this case, the the other phase is Mg and/or MgHThere are clear differ-
position of the peaks does not change significantly with ences between both mixtures. The mixture B, composed of
milling time (indeed, it presents a small shift towards higher two ductile substances, produces the typical lamellar struc-
temperatures), but the decomposition temperatures in theture obtained when a ductile—ductile pair is mill&d. This
case of mixture B are still lower than the corresponding ones microstructure arises as a consequence of the welding of
of mixture A. In this case, the gap reduces+a5°C. small platelets of Fe and Mg that form during the early
By using the reported value of the enthalpy of formation stages of milling. During subsequent milling, the lamellae
of Mgz2FeHs, 98 kI mot? Hy, an estimation of the amount  are convoluted, and a very well degree of mixing between
of hydride can be made. Up to 40h mt no pfgHs was the constituents is achieved. On the contrary, mixture A
detected. The deconvolution of the curve of 60 h mt gives as behaves as a ductile-brittle pair, with magnesium hydride
a result an amount of MdreH; equal to 2.3wt.%. At80and  playing the role of the brittle material. In this case, the
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Fig. 5. SEM backscattered electron images after 10h of RMA of (A) mixture B (2\fg) and (B) mixture A (2MgH + Fe).

microstructure is composed of rounded Fe particles sur- contact area between Mgtnd the rounded Fe particles ob-
rounded by an agglomerate of Mghbowder. The harder  served in mixture A. This traduces in an improved intermix-
MgH> patrticles are not embedded into the Fe particles prob- ing, which results in higher reactivity, which ends in a small
ably because the volume ratio in the mixture (MgFe > synthesis time and a greater yield in the case of mixture B.
4.5) does not favor such a process. Comparing both mi- Fig. 6 shows SEM micrographs of both mixtures milled
crostructures, the lamellar structure of mixture B presents a40h. Although after this milling time the individual com-
contact surface between the reactants much greater than thponents are better intermixed, Fe particles are still clearly

Fig. 6. SEM backscattered electron images after 40h of RMA of (A) mixture B and (B) mixture A.
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Fig. 7. SEM backscattered electron images of (A) mixture B after 60 h of RMA and (B) mixture A after 100 h of RMA.

visible. In mixture B Fe patrticle size has reducedtbum, both synthesis routes mainly to the unlike mechanical prop-
while in mixture A particles with sizes up t010p.m can be erties and microstructures of the mixtures. The 2Mége
seen. This difference between the typical sizes of Fe parti- mixture behaves as a ductile—ductile pair that results in a
cles (which reflects in a difference in the surface to volume higher contact surface between Mg and Fe, and a better in-
ratio, and hence in the contact area between the reactantshermixing and size reduction. These characteristics traduce
shows that the ductile—ductile combination of Mg and Fe in a higher yield and a short synthesis time. On the con-
mixture is more efficient in achieving a good intermixing trary, the 2MgH + Fe mixture performs as a ductile—brittle
and size reduction. Again, this traduces in higher reactivity, combination, with less contact area between the reactants
higher yield and reduced synthesis time. and hence lower yield and longer synthesis time.

In Fig. 7 we present the morphology of both mixtures at
the milling times when the maximum yield occufsd. 7A:
mixture B, 60 h andrig. 7B. mixture A, 100 h). The image  Acknowledgements
of mixture B shows that after 60 h mt the initial Mg and Fe
particles have completely intermixed. No Fe particles can be The authors thank Fundacion Balseiro for partial financial
observed at this magnification. On the contrary, and despitesupport to carry out this work.
milling has proceeded up to 100h, the microstructure of
mixture A shows that the intermixing of the initial materials
is not complete at this mt. Fe particles with sizes up to References
~10um can still be seen.
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