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a b s t r a c t

A high-temperature reaction vessel system was set up to study the wall deformation during cyclic hydrid-
ing/dehydriding reactions of Mg2Ni powders at 255 ◦C. Effects of packing fraction and initial particle size
of Mg2Ni powders were characterized. Results indicated that a strain accumulation was found on the wall
surface with progressive cycles of hydriding/dehydriding reactions. The wall strain varied with position,
eywords:
g2Ni
ydriding–dehydriding reaction
etal hydride storage vessel

xpansion deformation

as a lower position had a larger deformation. Such an accumulation and position-dependence of wall
strain in the vertical hydride storage vessel could be attributed to a pulverization-densification mecha-
nism. At a given vessel position, the hoop strain was increased with increasing packing fraction from 50 to
70 vol%. For a 50-vol% packing fraction, the wall deformation was enlarged when the initial powder size
was increased from 200 mesh (74 �m) to 100 mesh (149 �m). After 50 cycles of hydriding/dehydriding
reactions, the particle size was significantly reduced to about 1 �m.
. Introduction

Magnesium is considered a promising medium for hydrogen
torage due to its high hydrogen storage capacity and low cost,
s compared to other metals [1,2]. Magnesium hydride, MgH2,
an absorb as high as 7.6 wt% of hydrogen [3]. However, there
re certain limitations of pure magnesium for use as a hydro-
en storage medium, including susceptibility to oxidation, slow
ydriding/dehydriding kinetics, and high temperature of hydrogen
esorption [1,2]. Therefore, a pure magnesium is usually alloyed
ith other elements to overcome some of the disadvantages to

ertain extents. Among the alloys developed in this regard, Mg2Ni
s the most popular alloy which can reduce the dehydrogenation
emperature [4,5]. In addition, nickel also can facilitate the dis-
ociation of molecular hydrogen on the surface of the hydrogen
torage media to improve the kinetics of a hydriding/dehydriding
rocess [6]. The hydrogen storage capacity of the hydride of Mg2Ni,
g2NiH4, is about 3.6 wt%, which is better than that of other types

f non-Mg-based metal hydrides [2,3]. Mg2Ni and its modified
lloys have been getting more attention to be used as an on-board
ydrogen storage medium or negative electrode in Ni-MH batteries
1,2,7–9]. Previous efforts to decrease the desorption tempera-

ure and enhance the kinetics and cyclic life for Mg2Ni-type alloys
ave been systematically summarized and discussed in two recent
eviews [1,2]. A few more attempts have recently been made to
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improve the hydrogen storage characteristics of Mg2Ni-type alloys,
e.g. through techniques involving melt spinning, rapid quench-
ing, wet ball milling, and alloying with other elements [7–10].
Although Mg2Ni usually has to absorb/desorb hydrogen at tem-
perature higher than 200 ◦C, the plateau slope and cyclic stability
characteristics expressed in the pressure–composition–isotherm
(PCI) curves of Mg2Ni are good for practical applications [11,12].
Therefore, Mg2Ni is a favorable hydrogen storage candidate for
vehicular application due to its high gravimetric hydrogen storage
capacity, low cost, and low-toxicity [1,2]. Mg2Ni is thus chosen as
the hydrogen storage material investigated in the current study.

For metal hydrides to be used in many applications, they need
to be filled into a reactor, so called hydride storage vessel, in which
hydriding and dehydriding reactions take place. A proper design
of hydride storage vessel is important to ensure a good perfor-
mance for a selected hydrogen storage alloy. There are several
issues needed to be considered in design of a hydride storage
vessel scheme, such as primary configuration, thermal manage-
ment, hydrogen transfer, and mechanistic strength [13]. Many
numerical and experimental studies have been focused on the cou-
pling process of porous flow, heat and mass transfer, and reaction
kinetics to find the optimal design and operation parameters for
variously designed hydride storage vessels, e.g. in [13–20]. Some
techniques have recently been proposed to improve the perfor-
mance of hydride storage vessels, e.g. by using an internal spiral

heat exchanger with fins [21,22] or concentric heat exchanger with
fins [22,23], an internal metal foam [24], and cylindrical pellets
of hydride [25]. Up to date, only a few studies have investigated
the mechanistic strength and structural deformation of hydride
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Fig. 1. Geometry of the hydride storage vessel tested.
C.-K. Lin et al. / Journal of Alloys a

torage vessels [26–33]. When a metallic alloy absorbs hydro-
en, its volume will expand. For example, the volume expansion
atio during hydrogen absorption is 24% for LaNi5 [31] and 28–32%
or Mg2Ni [34,35]. Such a volume expansion could induce wall
tress and deformation in the storage vessel. For an improper
essel design, a large change in the specific volume of a metal
ydride during hydriding/dehydriding cycles might result in per-
anent deformation and/or cracking on the vessel wall. Therefore,

t is important to study the expansion characteristics of metal
ydrides and their influences on the wall deformation for design of
reliable hydride storage vessel. Previous studies on these issues
ere almost focused on LaNi5 and its multiphase alloys [26–32]
hich can absorb and desorb hydrogen at room temperature. As
escribed above, Mg2Ni has a greater hydrogen storage capacity
han LaNi5 and is potentially to be used for vehicular applica-
ion. In addition, the volume expansion ratio of Mg2Ni during
ydrogen absorption is larger than that of LaNi5 and the hydrid-

ng/dehydriding reactions of Mg2Ni work at temperature above
00 ◦C instead at room temperature [1]. However, it is difficult
o measure wall strain variation in the storage vessel of Mg2Ni
t 200–350 ◦C which has never been studied before. If the wall
xpansion strain induced by formation of Mg2NiH4 is charac-
erized, it will be helpful to assess the structural reliability of

high-temperature Mg2Ni storage vessel. Therefore, the aim of
his study is to investigate the expansion deformation of a high-
emperature storage vessel under cyclic hydriding/dehydriding
eactions of Mg2Ni alloy. In particular, the influences of packing
raction and initial particle size of Mg2Ni powders on the wall strain
ariation are characterized for a given storage vessel at 255 ◦C. It
s hoped that the characteristics of wall deformation induced by

g2NiH4 formation presented in the current study is helpful for
esign and future applications of high-temperature Mg2Ni storage
essels.

. Experimental procedures

.1. Experimental setup

Fig. 1 shows the geometry and dimensions of a thin-wall hydride storage vessel
esigned and made in house. The wall thickness of the cylindrical vessel is 1 mm.
he inner diameter and height of the free space in the given vessel is 20 and 64 mm,
espectively. The vessel is made of an AISI 316 stainless steel. Wall strain mea-
urements during cyclic hydriding/dehydriding reactions were performed using the
xperimental setup shown in Fig. 2. SV1-SV8 are the solenoid valves used to control
he hydrogen flow route. P1–P3 are the pressure transducers used to monitor the
xtracting hydrogen pressure, input hydrogen pressure, and hydrogen pressure in
he vessel, respectively. A 0.5-�m-grade tubular filter is attached at the top flange
f the vessel to prevent Mg2Ni powders from being extracted out by the vacuum
ump. A heating coil attached with a thermocouple is wrapped up in an insulation
ox to heat up the vessel. The gas pipes are connected with a hydrogen chamber
hich provides a sufficient volume of hydrogen for hydriding reaction.

Three high-temperature NiCr-coil type strain gages (H1, H2, and H3) are pasted
n the exterior wall surface of the cylindrical vessel. Strain gages H1, H2, and H3 are
sed to measure the hoop strains at the locations of 7/10, 3/10, and 1/10 height of
he vertical vessel from the bottom, respectively. All the reaction steps during cyclic
ydriding/dehydriding processes are controlled by a programmable logic controller
PLC). The wall strain and hydrogen pressure data during hydriding/dehydriding
eactions are monitored and recorded through a data acquisition system (strain-
eter) and a personal computer (PC).

.2. Material and cyclic hydriding/dehydriding processes

The hydrogen storage alloy, Mg2Ni, used in the current study was provided by
su et al. [36] in a form of ingot made by an innovative mass production technique.
he hydriding/dehydriding PCI curves of the given Mg2Ni alloy at 255–350 ◦C have
een comprehensively studied by Hsu et al. [36]. The hydrogen storage capacity of
he given Mg2Ni alloy measured by a commercial Sieverts-type PCI machine could
each 3.58 wt% [36]. Such a value is very close to the ideal capacity of 3.6 wt% for

g2Ni [4]. In order to study the influences of particle size on wall strain varia-

ion, the alloy ingot was crushed into powders with two different mesh sizes. One
roup was sieved with a 100-mesh sieve and the other was sieved with a 200-mesh
ieve. The particle size corresponding to 100 and 200 mesh is less than 149 and
4 �m, respectively. Two packing fractions, 50 and 70 vol% (about 13.2 and 18.5 g
Fig. 2. Schematic diagram of experimental setup.

of Mg2Ni powders, respectively), were applied to study the effects of packing frac-
tion. Before the cyclic hydriding/dehydriding test, the alloy powders were activated
by alternately being evacuated in vacuum at 300 ◦C for 1 h and then charged with
3-MPa hydrogen at 300 ◦C for 1 h. After 5 cycles of activation, the cyclic hydrid-
ing/dehydriding test started to run in a way that the Mg2Ni powders were charged
with 3-MPa hydrogen at 255 ◦C for 45 min and then evacuated by a vacuum pump
at 255 ◦C for 60 min. Sizes of the Mg2Ni powders before the activation process and
after the cyclic hydriding/dehydriding test were examined by scanning electron
microscopy (SEM).

During the cyclic hydriding/dehydriding reactions, variation of the hoop strain
at selected locations (H1–H3) on the vessel surface was measured. Fig. 3 shows the
variation of hoop strain at H1, H2, and H3 during the second cycle in a test of 50-vol%
packing fraction and an initial powder size of 200 mesh. The strain at H3 (solid line in

Fig. 3) is described in details as an example to illustrate the variation of hoop strain.
At the beginning of the hydriding/dehydriding cycle, the strain was around zero.
When the 3-MPa hydrogen flowed into the reaction vessel, the strain at H3 showed
a sudden increase at this moment. As the hydrogen was absorbed rapidly by the
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ig. 3. Variation of hoop strain with time in the second cycle for a packing fraction
f 50 vol% of Mg2Ni powders with a size of 200 mesh.

g2Ni powders, the strain dropped drastically. When the hydrogen atom entered
nto the lattice of Mg2Ni, the strain was increased due to a volume expansion of metal
ydride formation. At the end of the hydriding step, the reaction between Mg2Ni and
ydrogen tended to become stable. Hence, the strain gradually reached a stable level.
t the beginning of the dehydriding step, the redundant hydrogen in the reaction
essel was released to the atmosphere first. Hence, the strain showed a sudden
ecrease. After that, the hydrogen desorbed by the metal hydrides was continuously
xtracted to the atmosphere by the vacuum pump. The strain at H3 finally reached a
ower level at the end of the dehydriding step as the Mg2NiH4 hydrides decomposed
ydrogen continuously. Generally, the strain measured include the strains caused
y metal hydride expansion and hydrogen pressure. The latter was subtracted from
he total strain for analysis purpose. In this regard, only the strains caused by volume
xpansion of metal hydride formation are presented for each absorption step. In the
ollowing discussion, strains at the end of the absorption and desorption steps in
ach cycle are taken as the data points to show the variation of strain with cycle
umber for each given test.

. Results and discussion

.1. Strain variation at various vessel positions
Fig. 4 shows the hoop strains of various wall positions at the
nd of the absorption and desorption steps in each cycle for a
0-vol% packing fraction with an initial powder size of 200 mesh.

ig. 4. Variation of hoop strain with cycle number for a packing fraction of 50 vol%
f Mg2Ni powders with an initial size of 200 mesh.
Fig. 5. SEM micrographs of Mg2Ni powders (200 mesh): (a) before an activation
process and (b) after a 50-cycle hydriding/dehydriding test.

The solid and open symbols represent the absorption and desorp-
tion steps, respectively. As shown in Fig. 4, the strains of H1 are
around zero throughout the test, indicating that hydride-expansion
induced wall deformation barely took place at 7/10 height of the
vessel. However, the strains of H2 and H3 are greater than zero. The
strains of H3 are generally larger than those of H2 and H1 at a given
cycle number. For a packing fraction of 50 vol%, the height of the
Mg2Ni powder bed is lower than that of H1. As a result, wall strains
at 7/10 height (H1) of the vessel were apparently only affected by
the hydrogen gas pressure, while the effect of volume expansion of
metal hydride formation was absent at H1. On the other hand, the
effect of volume expansion of metal hydride formation was indeed
present at positions H2 and H3. The volume expansion and contrac-
tion of Mg2Ni/Mg2NiH4 powders during the hydriding/dehydriding
reactions could make the alloy powders pulverize. When hydrogen
atoms enter into an alloy’s lattice, the resultant lattice expansion
induces significant microstresses to cause alloy fragmentation [37].
Such alloy pulverization could give rise to particle sedimentation
and agglomeration leading to an accumulation of macrostress with
progressive cycles on the vessel wall [29]. The pulverized, fine pow-
ders could fall down through the gaps between the larger particles
under the effect of gravity and generate a densification of powders
at lower positions. Therefore, the local powder density is gener-
ally increased from the top to the bottom of the vessel. The fine
powders at the lower positions could agglomerate at subsequent
hydriding/dehydriding cycles. The agglomerated alloy powders are
regarded as an important factor in influencing the wall strain of a
hydride reaction vessel [26]. Hence, a greater wall strain occurs at
a lower position of the vessel. This is the reason why the strains of

H3 are generally greater than those of H2 and H1.

Particle sizes of the Mg2Ni powders observed by SEM before
the activation process and after a 50-cycle hydriding/dehydriding
test are shown in Fig. 5. Before the activation process, the particles
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Fig. 7. Variation of hoop strain with cycle number for a packing fraction of 70 vol%
of Mg2Ni powders with an initial size of 200 mesh.

Table 1
Maximum hoop strain during cyclic hydriding/dehydriding processes in a reac-
tion vessel with various combinations of packing fraction and initial particle size
of Mg2Ni powders.

Packing
fraction (vol%)

Initial particle
size (mesh)

Maximum hoop strain
(�m/m)

H1 H2 H3

50 200 21 408 628

given reaction vessel could not reach the expected hydrogen stor-
age capacity, 3.58 wt% [36]. Note the value of 3.58 wt% was obtained
by testing a little amount (2.4 g) of Mg2Ni alloy in a Sieverts-type

Table 2
Maximum hydrogen storage capacity during cyclic hydriding/dehydriding processes
in a reaction vessel with various combinations of packing fraction and initial particle
size of Mg2Ni powders.

Packing fraction
(vol%)

Initial particle size
(mesh)

Maximum
hydrogen storage
capacity (wt%)
ig. 6. Photograph of Mg2Ni powders taken out from an reaction vessel after 50
ycles of hydriding/dehydriding reactions.

howed a wide distribution of size less than 74 �m (Fig. 5(a)). After
he 50-cycle test, the particle size was more uniform and reduced
o about 1 �m (Fig. 5(b)). Note that the particle shape was initially
harp and irregular and became round after the cyclic test. The pul-
erization and agglomeration phenomena are evidenced by these
EM micrographs. After the 50-cycle test, the alloy powders taken
ut from the vessel could be separated into two states, namely loose
owders and agglomerated powders, as shown in Fig. 6. Such a pho-
ograph indicates the Mg2Ni powders indeed agglomerated at the
ottom of the vessel.

As shown in Fig. 4, the hoop strains at H2 and H3 started to
ncrease with cycle number at the beginning of the cyclic hydrid-
ng/dehydriding test. Such a strain accumulation at H2 and H3 was
scribed to the aforementioned pulverization–densification mech-
nism. At a lower position of the vessel, the local powder density
as increased with cycle number due to a continuous fall-down

f fine particles through pulverization. Similar strain accumula-
ion phenomena were also observed in other room-temperature
ydride storage vessels for LaNi5 and its modified alloys [28,30–32].
ue to a possibly non-uniform distribution and flow of Mg2Ni pow-
ers, the strains of H2 and H3 at the end of each absorption step
solid symbols) had more up-and-down changes throughout the
yclic test. However, for the strains of H2 and H3 at the end of each
esorption step (open symbols), a continuously smooth increase
ith cycle number was observed. Generally speaking, the wall

trains of H2 and H3 at the end of the 50th cycle are much larger
han those at the first cycle.

.2. Effects of packing fraction

Fig. 7 shows the variation of hoop strain at H1, H2, and H3
or a 70-vol% packing fraction with an initial powder size of
00 mesh. When the packing fraction was increased to 70 vol%,
small extent of strain accumulation at 7/10 height (H1) was

bserved. This implies that the top of the Mg2Ni powder bed was
round this height such that the volume expansion of hydride for-
ation induced a certain extent of deformation at H1. In addition,

he absorption-step strains at H2 and H3 were very close to each
ther except at some cycles prior to the 15th cycle, as shown in
ig. 7. In the early cycles, the pulverization-densification mecha-
ism started to take action and increase the local powder density
t the bottom of the vessel first such that H3 had a larger expansion
train than did H2. After the 15th cycle, the local powder density

t H2 was accumulated to a level similar to that of H3 leading to a
omparable extent of wall deformation at both positions until the
nal stage of test.
70 200 157 922 835
50 100 31 667 1344

Comparisons of the maximum wall strain at selected locations
are given in Table 1. Apparently, at each given position, a larger
packing fraction gave rise to greater wall strains for a given initial
particle size of 200 mesh. This is attributed to a greater amount of
pulverized, fine powders generated in a larger packing fraction. It
would make the alloy powders at lower positions more densified
under the effect of gravity. Consequently, the local powder density
at H2 and H3 in the case of 70 vol% was significantly greater than
that of 50 vol%. Therefore, the maximum hoop strain in a 70-vol%
packing fraction is greater than that in a 50-vol% one.

The maximum content of hydrogen absorbed in the reaction
vessel at a cycle during the 50-cycle test is listed in Table 2 for each
given testing condition. Note the hydrogen storage capacity was
calculated as per unit mass of Mg2Ni. As shown in Table 2, for Mg2Ni
powders with an initial size of 200 mesh, the largest hydrogen stor-
age capacity is 3.23 wt% and 2.95 wt% for the 50-vol% and 70-vol%
packing fraction, respectively. The densified, agglomerated stack
of fine Mg2Ni powders formed at the bottom of the vessel is pre-
sumably the main reason why the hydrogen storage capacity in the
50 200 3.23
70 200 2.95
50 100 3.25
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ig. 8. Variation of hoop strain with cycle number for a packing fraction of 50 vol%
f Mg2Ni powders with an initial size of 100 mesh.

CI machine and no agglomeration of alloy powders was observed
36]. Dehouche et al. [12] observed that a compaction of alloy pow-
ers would enlarge the pressure hysteresis and increase the plateau
lope in PCI curves. As the gaps between the alloy powders become
maller in the densified regions, the agglomerated stack would
omehow retard the hydrogen delivery. Moreover, the available,
ctive surface area of Mg2Ni powders to react with hydrogen also
ecomes smaller in the agglomerated regions, as compared to loose
owders. Hence, the hydrogen storage capacity in the given reac-
ion vessel is lower than the expected value of 3.58 wt%. Similarly,
he lower hydrogen storage capacity of the 70-vol% packing fraction
iven in Table 2, compared to the 50-vol% one, could be attributed
o a greater extent of agglomeration of Mg2Ni powders.

.3. Effects of initial particle size

Variation of the hoop strain at various positions with cycle num-
er for a 50-vol% packing fraction with an initial powder size of
00 mesh is shown in Fig. 8. Note that the particle size of 100 mesh

s larger than that of 200 mesh. In comparison of Figs. 4 and 8, a
reater extent of difference in the strain between H2 and H3 is
ound for the case of 100 mesh. This is attributable to the size of
aps between Mg2Ni powders in the vessel. A larger, initial particle
ize would generate larger gaps such that the pulverized, fine pow-
ers could fall downward more easily through these larger gaps.
onsequently, the local powder density at a lower position such as
3 is expected to be greater in a larger, initial particle size. There-

ore, the extent of difference in the local powder density between
3 and H2 was enlarged when the initial particle size of Mg2Ni
owders was increased from 200 mesh to 100 mesh. Table 1 also
ives comparisons of the maximum wall strains between these two
ifferent initial particle sizes. Apparently, at a given position on the
essel wall, a larger, initial particle size gave rise to greater hoop
trains. In addition, such an increase in the magnitude of wall defor-
ation caused by a larger, initial size is dependent on wall position.

he extent of difference in the absorption-step strain between the
iven two initial particle sizes at H3 is much larger than that at H2
nd H1.

As shown in Table 2, the largest hydrogen storage capacity in
reaction vessel with a 50-vol% packing fraction is 3.23 wt% for
00 mesh and 3.25 wt% for 100 mesh. Apparently, for given a pack-
ng fraction of 50 vol%, the hydrogen storage capacity of the reaction
essel is slightly greater for a larger, initial particle size. In general, a
maller, initial particle size of alloy powder is expected to enhance

[

[
[

mpounds 509 (2011) 7162–7167

the reaction with hydrogen and increase the hydrogen storage
capacity, due to a higher surface/volume ratio. However, the results
in Table 2 does not show such a trend. As reported previously,
an agglomeration phenomenon tended to occur more easily for a
smaller, initial particle size of hydrogen absorbing alloy powders
[33]. The volume expansion of alloy powders in the agglomer-
ated stack during hydriding processes could compress the limited
amount of gaps between fine particles and inhibit a uniform hydro-
gen distribution. A larger, initial powder size presumably provides
more larger gaps for hydrogen flow paths. Hence, the hydrogen
storage capacity of the Mg2Ni reaction vessel packed with an initial
particle size of 100 mesh is slightly greater than that of 200 mesh.

4. Conclusions

(1) Wall strain accumulation phenomena were present in a vertical
high-temperature Mg2Ni storage vessel. A pulverization-
densification mechanism was responsible for such strain
accumulation behavior.

(2) For a given position on the vessel wall, a larger packing frac-
tion of Mg2Ni powders induced a greater extent of deformation
during cyclic hydriding/dehydriding reactions.

(3) Agglomerated Mg2Ni powders were found at the bottom of
the reaction vessel after cyclic hydriding/dehydriding tests. The
agglomeration could degrade the hydrogen storage capacity of
a hydride reaction vessel.

(4) A larger, initial particle size induced a greater hoop strain in
the vessel wall, due to a greater local powder density at lower
positions of the vessel.

(5) Regardless of the initial size of Mg2Ni powders, the alloy par-
ticles were reduced to a size of about 1 �m after a 50-cycle
hydriding/dehydriding test.
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