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Abstract: The Mg—Ni hydride was prepared by hydriding combustion synthesis under a high magnetic field. The dehydriding
kinetics of the hydrides was measured under the isothermal and non-isothermal conditions. A model was applied to analyzing the
kinetics behavior of Mg—Ni hydride. The calculation results show that the theoretical value and the experimental data can reach a
good agreement, especially in the case of non-isothermal dehydriding. The rate-controlling step is the diffusion of hydrogen atoms in
the solid solution. The sample prepared under magnetic field of 6 T under the isothermal condition can reach the best performance.

The similar tendency was observed under the non-isothermal condition and the reason was discussed.
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1 Introduction

As a hydrogen storage alloy, Mg,Ni intermetallic is
well known to form Mg,NiH, hydride, which has
hydrogen storage capacity of 3.6% (mass fraction). The
absorption/desorption kinetics of this hydride is a
reversible formation/decomposition reaction which can
be described as a-MgyNiHg;tHy<>5-MgyNiH,. The
kinetics mechanism of Mg—Ni alloy has been studied and
many kinetics models and functions have been
established [1-3]. However, as far as most of kinetics
equations are concerned, if one treats each step
rigorously, a group of differential or integral equations
must be solved [4,5]. Some treatments are so
complicated that they cannot offer an explicit analytic
expression and give an intuitionally quantitative
discussion. Owing to the lack of parameter values, the
other situation is that some equations are often difficult
to be applied.

As we know, most of the hydrogen absorption/
desorption kinetics data were obtained under isothermal
condition [6,7]. Actually, it is very difficult to achieve
isothermal condition completely since the reaction is
highly exothermic for hydrogenation and endothermic

for dehydrogenation and the rate is fast for both
processes. Therefore, even if correct kinetic models are
chosed, the calculation results should still deviate from
the experimental curves since the practical reaction
deviates from the isothermal condition. Recently, the
non-isothermal hydrogen absorption/desorption kinetics
of Mg—Ni intermetallic was investigated using DSC, TG
or Sievert’s method [8—11]. However, the theoretical
investigation on non-isothermal absorption/desorption
kinetics in Mg,Ni intermetallic obviously lags behind the
experiments. There are still many problems that have not
been theoretically solved yet, such as, what kind of curve
should be expected regarding the reacted fraction versus
temperature in a non-isothermal process, and what is the
effect of heating rate on the kinetics, and how to
calculate  the activation energy through the
non-isothermal kinetic experimental data.

The present work firstly synthesized Mg—Ni
hydride by hydriding combustion synthesis under a high
magnetic field. Then, a kinetics model proposed by our
group [12,13] was applied to analyzing the dehydriding
kinetics mechanism of Mg—Ni hydride under both
isothermal and non-isothermal cases. The influence of
preparation and hydrogen desorption conditions on the
kinetics behavior was investigated.
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2 Experimental

Elemental powders of Mg with 99.5 % in purity and
~170 pm in particle size, Ni with 99.9% in purity and
2-3 um in particle size were well mixed by an agate
pestle to yield Mg,Ni stoichiometric mixed powders. The
handling of the sample was always carried out under
argon in a glove box. Then, the mixed powders were put
in an autoclave. Before experiment, the autoclave was
repeatedly evacuated and filled in H, with pressure of
0.5 MPa three times. Then, the autoclave was put in the
central part of furnace and filled with H, with pressure of
4.0 MPa. A high magnetic field was applied in the center
of samples [14,15]. Finally, the samples were heated up
to 673 K to make the Mg and Ni mixtures react with
hydrogen for 4 h. The samples prepared without
magnetic field, under magnetic fields of 4, 6 and 8 T
were labeled as Sy, Sy, S¢ and Sg, respectively.

The isothermal dehydriding kinetics was measured
at 553, 573 and 623 K under 0.001 MPa of H,. The
non-isothermal dehydriding kinetics was measured by
heating the samples from room temperature to 650 K
under 0.001 MPa of H, at different heating rates, and the
amount of hydrogen absorbed as a function of
temperature derived from the recorded data of
temperature and pressure. Both isothermal and
non-isothermal dehydriding kinetics were measured by a
Sieverts-type PCT characteristics measurement system
(PCT-2SDWIN, Suzuki Shokan Co., Ltd.). Then, the
kinetics data were analyzed by model to study the
dehydriding behavior.

The phase compositions of the samples were carried
out by X-ray diffraction (XRD) (Panalytical X'pert PRO)
using monochromatic Cu K, radiation.

Before starting the dehydriding kinetics experiments,
the Mg—Ni composites were cyclic activated under
4 MPa of H, at 623 K until the absorption volume was
stabilized. Figure 1 shows the XRD patterns of samples
after hydriding/dehydriding cycles. The relative content
of Mg,NiH, after being treated under magnetic fields of
0, 4, 6 and 8 T were calculated as 64.42%, 84.34%,
93.07% and 68.29%, respectively.

3 Models

The dehydriding process is a kind of complicated
heterogeneous reaction and the mathematic treatment
should be very complicated and it is hard to obtain a
simple solution. The purpose of this work is stressed on
the kinetics model which can express the relation
between the reacted fraction and time (isothermal) or
temperature  (non-isothermal) and calculate the
corresponding parameters under reasonable simplified
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Fig. 1 XRD patterns of samples after hydriding/dehydriding
cycles activation: (a) Sp; (b) S4; (¢) Se; (d) Sg

assumptions. Moreover, these formulae can be used to
analyze the kinetic mechanism.

The model assumes that all particles of the
hydrogen storage alloy or its hydride could be regarded
as spherical balls with the same density and radius (Ry).
The diffusion of hydrogen atoms in the solid solution
will be the rate controlling step for the hydrogen
absorption/desorption processes. A set of formulae
deduced under the rate controlling step of diffusion were
introduced to describe the dehydriding of Mg—Ni
hydride.

3.1 Calculation formulae of particle dehydriding
under isothermal condition
The relation of the dehydriding reacted fraction ¢
and time 7 can be expressed as [12]

3
5:1—{1—exp(;§}j B%t} (1)

where E, is the activation energy (J/mol), R is the mole
gas constant, 7 is the thermodynamic temperature (K), B,
is a coefficient which can be expressed as

1
B, =
xt?of 1o [\[oit - o, )83

where K (fw and D' are the constants independent of
temperature but relying on the material, v, represents the
constant coefficient that depends on the density of
storage material, png is the hydrogen partial pressure
in equilibrium with hydride, py, is the initial pressure,
and R, is the radius of particle. If the particle radius and
temperature are fixed, there is a relation between B; and
E, which can be expressed as

1 E
B =—-¢ x 3
677 XP(RTO] (3)
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where 7 is the dehydriding reaction temperature, ¢ is the
characteristic reaction time of the hydriding reaction
corresponding to 7 and can be expressed as

1
 2DE(CEN@/ )~ Cu(@))
R3Vi

Q)

C

where Dyf represents the diffusion coefficient of
hydrogen in the solid solution, Cy'(a/f) represents
the equilibrium composition of hydrogen in hydride as
the dehydriding reaction reaches equilibrium and
Cy(«) is the concentration of hydrogen atoms in the
solid solution phase just underneath the particle surface
at radius R,.

Equation (1) describes the reacted fraction (¢) of
dehydriding under isothermal condition as an explicit
function of time (¢), temperature (7) and particle size
(Ro). The advantage of Eq. (1) is that the explicit analytic
solution can be found easily. Otherwise, Eqgs. (1)—(4)
reveal the physical meaning of parameter “A” that
appears in both JANDER’s [16] and CARTER’s [17]
formulae. The parameter “A” in these formulac was
expressed as a function of temperature 7" and hydrogen

concentration C and its reciprocal is ¢, as describe in Egs.

(3) and (4), which is the characteristic reaction time and
has the physical meaning of the required time for the
particle to be completely dehydrogenated. The smaller
the z., the faster the dehydriding reaction rate. This
indicates that the isothermal dehydriding kinetics
performance of hydrogen storage materials can be
quantified with accuracy using the characteristic reaction
time directly. The isothermal kinetics model has been
successfully applied to hydrogen storage
materials including La,Mg;-based composite [18],
LaNis intermetallic [19], Zr-based AB, alloys [20] and
Mg-based composite [21].

several

3.2 Calculation formulae of particle dehydriding

under non-isothermal condition

On the other hand, for many other dehydriding
processes, their service temperature is not constant but
variable, for example, at an elevated temperature. When
the furnace is heated, the temperature rises with a certain
heating rate. If the system is heated from the temperature
Ty, the relation of temperature with time ¢ should be

T=T,+nt ®)

where 7 = d7/d¢ is the heating rate and the relation of the
reacted fraction ¢ with temperature 7 can be expressed
as [17]

3
1 ~E\T-T,
I =l—[l—\/;{exp[ 2T J—Ti J (6)

where T; is the initial reaction temperature.

Equation (6) can be used to describe the relation of
the reacted fraction of dehydriding with temperature
when the temperature changes at a certain rate #. It can
be seen that higher increase rate of temperature will
correspond to lower reacted fraction & In addition, for a
hydrogen storage system, the reacted fraction =@
corresponding to a certain 7, with a fixed heating rate.
Ty is defined as the characteristic reaction temperature
(@ usually is 0.5, 0.875 or 1), which is a very important
and useful parameter and its physical meaning is the
temperature for the particle to be dehydrogenated to a
certain extent ((=®) at a certain heating rate. T, relates
to the property of hydrogen storage material, heating
rate, hydrogen partial pressure and particle size. The
smaller the Ty, the faster the dehydriding reaction rate.
This indicates that the non-isothermal dehydriding
kinetics performance of hydrogen storage materials can
be quantified using the characteristic reaction
temperature directly. The non-isothermal kinetics model
has also been successfully applied to the oxidation
kinetics of zirconium carbide [22] and multi-walled
carbon nanotubes [23].

In this study, the dehydriding kinetics of Mg,NiH,4
was measured under the isothermal and non-isothermal
conditions. The model mentioned above was applied to
analyzing the kinetics behavior. The characteristic
reaction time f., characteristic reaction temperature T
and activation energy E, were attained by non-linear
fitting directly. The calculated results were compared
with the measurements and the validity of proposed
model and rate equations were discussed.

4 Results and discussion

4.1 Dehydriding Kinetics under isothermal condition
The reacted fraction & was used to describe the

dehydriding kinetic of alloy. The relation between the

reacted fraction ¢ and the fraction of reacted amount is

£= AA’” = (A ) Amax ™
m m

max

where Am is the reacted amount, m, is the initial amount
of the sample, Am/m, is the fraction of reacted amount
and Am,,, represents the maximum reacted amount.
Figure 2 shows the isothermal dehydriding curves
under 0.001 MPa of H, and different temperatures for the
Mg,NiH,. In order to achieve a quantitative analysis and
clarify the mechanism, the experimental data of
dehydriding were fitted by Eq. (1) using non-linear
fitting. The results are listed in Table 1 and a series of
fitted curves are also shown in Fig. 2. It can be seen that
the corresponding R of non-linear regression equations
are 0.9715, 0.9830, 0.9895 and 0.9609 for Sy, S4, S¢ and
Sg, respectively. Therefore, the experimental data and



Chao-yi CHEN, et al/Trans. Nonferrous Met. Soc. China 26(2016) 160—166

Reacted fraction, &

150 200 250 300
Time/s

50 100

©

Reacted fraction, &

50

150 200 250 300 350
Time/s

100

Reacted fraction, &

Reacted fraction, &

163

150 200 250 300
Time/s

100

50

150 200 250 300 350
Time/s

0 100

Fig. 2 Isothermal dehydriding curves together with fitted curves under 0.001 MPa of H, and different temperatures: (a) Sp; (b) S4;

(©) S¢; (d) Sg

the theoretical calculated results reach an acceptable
agreement which indicates that the dehydriding
processes are controlled by the diffusion of hydrogen
atoms in the solid solution from 553 to 623 K.

Moreover, from non-linear fitting results, the
parameters E, can be evaluated by using Eq. (1) and the
results are listed in Table 1. It can be seen that the
activation energies of desorption for Sy, S4, S¢ and Sg are
~116, ~104, ~104 and ~106 kJ/mol, respectively. From
E, and Eq. (3), . at different temperatures can be
calculated, where ?.ss3, f..573 and #.¢3 are £, at 553, 573
and 623 K, respectively. It is found that the minimum ¢,
comes from Sg. Combining with the results of E,, it can
be concluded that the optimum treated magnetic field is
6 T. The isothermal dehydriding kinetics of S¢ is nearly
three times faster than that of Sy. The phenomena may
results from the phase compositions of the samples. It
can be seen from Fig. 1(a) that Sy has a multiphase
structure, composed of Mg,NiH,, MgH,, Mg as well as
Ni. With an increase of magnetic intensity (6 T), as
shown in Fig. 1(c), most of the major peaks belong to
Mg,NiH,, coexisting with trace of Mg,NiH,3. For Ss,
another multiphase structure, which is composed of
Mg,NiH,, Mg,NiH,;, MgH, and Mg, can be observed,

as shown in Fig. 1(d). During the dehydriding process,
unreacted Mg or MgH, may act as the diffusion barrier
to decrease the hydrogen atoms diffusion coefficient. On
the other hand, the dehydriding kinetics of MgH, is
inferior to that of Mg,NiH,.

Table 1 Fitting results of isothermal dehydriding for Mg,NiH,

Sample R’ E,/(kJ-mol” l) te553/S  lespa/S  tegs/S
So 0.9715 116+4 11043 4550 636
Sy 0.9830 104+3 4499 2066 368
Se 0.9895 104+3 3066 1333 210
Sg 0.9609 1065 4603 2046 346

4.2 Dehydriding Kkinetics under non-isothermal

condition
Figure 3 shows the non-isothermal dehydriding
curves of MgNiH; under 0.001 MPa of H,

corresponding to the heating rates of 2, 5 and 10 K/min.
It can be seen that sigmoid experimental data points,
which have similar tendency, are obtained for all the
samples. S, is taken as an example to illustrate the
tendency: the dehydriding begins at about 460 K and
reaches the maximum at about 550 K when the heating



164

oL@
-0.2
\n
o
2 -04
3
H
3 0.6
% = — 2 K/min
~ —0.8} e — 5 K/min
4— 10 K/min
-1.0+
450 475 500 525 550 575 600 625
Temperature/K
0
-0.2
3
o
S -04
g
[3=]
2 -0.6
g = — 2 K/min
~ —0.8} e — 5 K/min
4— 10 K/min
-1.0+
450 475 500 525 550 575 600 625
Temperature/K

Chao-yi CHEN, et al/Trans. Nonferrous Met. Soc. China 26(2016) 160—166

b
oL@
-0.2
o
o
2 -04
8
H
2 -0.6
g K/
S el = — 2 K/min
&5 B e — 5 K/min
4— 10 K/min
-1.0r
450 475 500 525 550 575 600 625
Temperature/K
d
0 () oy
-0.2
o
o
2 -04
g
(d=)
E -0.6
] 2 K/mi
S el .— min
& —08 *— 5 K/min
4— 10 K/min
-1.0r
450 475 500 525 550 575 600 625
Temperature/K

Fig. 3 Non-isothermal dehydriding curves together with fitted curves under 0.001 MPa of H, and different heating rates: (a) Sp; (b) S4;

(©) S¢; (d) Sg

rate is 5 K/min, and the temperature corresponding to the
maximal dehydriding rate increases from about 540 to
575 K with the heating rate increasing from 2 to 10
K/min.

However, these data cannot be quantitatively
compared without the model analysis. Therefore, Eq. (6)
was used to fit the non-isothermal kinetics data with
non-linear fitting method. The corresponding parameters
were calculated and are listed in Table 2. A series of
fitted curves are also shown in Fig. 3. From Table 2, it
can be seen that the corresponding R* of non-linear
regression equations are 0.9980, 0.9986, 0.9959 and
0.9980 for S, S4, S¢ and Sg, respectively. Therefore, the
experimental data and the theoretical calculated results
reach an excellent agreement which indicates that the

Table 2 Fitting results of non-isothermal dehydriding for

Mg,NiH,
Sample R*  EJ/(kmol™") Tyso/K Toss/K Tosao/K
So 09980 157+l 539 551 561
S, 0998 1372 534 547 559
S¢ 09959 144+l 531 544 554
Sg 09980 15242 535 548 559

non-isothermal dehydriding processes are controlled by
the diffusion of hydrogen atoms in the solid solution with
the heating rate increasing from 2 to 10 K/min.
Moreover, from the non-linear fitting results, the
parameters E, can be evaluated using Eq. (6) and the
results are listed in Table 2. It can be seen that the
activation energies of non-isothermal dehydriding for Sy,
S4, S¢ and Sg are ~157, ~137, ~144 and ~152 kJ/mol,
respectively. ~ The  activation  energies  under
non-isothermal condition have similar tendency but are
all higher than those under isothermal condition. The
possible interpretation is that for a heating process, the
energy enhances with the increase of temperature and the
dehydriding cannot react until the requirements of
thermodynamics and dynamics can be satisfied
simultaneously. The manifestation form of dynamics
condition is the activation energy barrier or superheat.
On the other hand, for most of isothermal dehydriding
processes, the initial energy is high enough to overcome
the activation energy barrier and the reaction occurs
instantaneously. As we know, the activation energy
barrier is much higher than the reaction energy.
Therefore, the activation energy under non-isothermal
condition is higher than that under isothermal condition.
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Moreover, from Eq.(6), Ty s under different heating
rates were calculated and are listed in Table 2, where
To52)> To.scs5) and T 510y are Tp-o s under the heating rates
of 2, 5 and 10 K/min, respectively. The non-isothermal
dehydriding rates can be compared using characteristic
reaction temperature directly. The minimum 7,5 comes
from S¢ for non-isothermal dehydriding. This conclusion
is similar to that of the isothermal dehydriding.

After comparing the fitting results, it may be seen
that the corresponding R*> of non-linear regression
equations for non-isothermal dehydriding are all higher
than those for isothermal dehydriding, which indicates
that the errors for the former are smaller than those for
the latter. As mentioned above, it is very difficult to
achieve isothermal condition accurately in the
dehydriding process of Mg,NiH, since the reaction is
highly endothermic for dehydrogenation and the initial
rate is fast. Figure 4 shows the actual temperatures of the
dehydriding processes for S¢ under the isothermal
(573 K) and non-isothermal (5 K/min) conditions. It can
be seen that the actual temperature of the isothermal
dehydriding process is deviated from the isothermal
conditions, especially in the initial stage. Moreover,
some experiment conditions, such as particle size, in
different experiments are not exactly identical. Plus the
approximation of assumption, there should be some other
errors between the experimental data and theoretical
calculation. However, as long as the assumption is
reasonable and the introduced error is tolerant, this kind
of approximate treatment should be acceptable.

600
Isothermal (573 K)

570

540

510

Temperature/K

Heating (5 K/min)
480

450
0 250 500

750 1000 1250 1500
Time/s

Fig. 4 Actual temperatures of dehydriding processes for S
under isothermal and non-isothermal conditions

It can be seen that the theoretical model can give a
reasonable prediction no matter what kind of
experimental  condition is set, isothermal or
non-isothermal. In the above derivation of formulae, the
premise of deduction is assumed that the diffusion of
hydrogen atoms in the solid solution is the controlling
step. The successful application to Mg,NiH,

demonstrates that this assumption is acceptable in the
dehydriding processes. For some general case, the
controlling step may vary in a whole dehydriding
process; however, the controlling step for hydrogen
diffusion in the solid solution will still occupy a large
part of time, especially in the later time of reaction.
Therefore, this model can be applied successfully in
many cases.

5 Conclusions

1) The Mg—Ni hydride was prepared by hydriding
combustion synthesis under a high magnetic field. The
dehydriding kinetics of the hydride was measured under
the isothermal and non-isothermal conditions and
analyzed by model. In the derivation of the model, two
new conceptions, characteristic reaction time and
characteristic reaction temperature, are introduced. This
model can be used to analyse. The isothermal and
non-isothermal  dehydriding  kinetics  gives a
quantification result.

2) The calculated results show that the theoretical
calculation and the experimental data can reach a good
agreement, especially in the case of non-isothermal
dehydriding. Under the isothermal condition, the
rate-controlling step is the diffusion of hydrogen atoms
in the solid solution. The sample prepared under
magnetic field of 6 T can reach the best performance.
The dehydriding kinetics under the non-isothermal
condition has a similar tendency but the activation
energies are all higher than those of isothermal condition.
The kinetics analysis of non-isothermal
dehydriding are more accurate than those of isothermal
dehydriding.

results

References

[1]  AKIBA E, NOMURA K, ONO S, SUDA S. Kinetics of the reaction
between Mg—Ni alloys and H, [J]. Int J Hydrogen Energy, 1982,
7(11): 787-791.

[2] OUYANGL Z, CAO ZJ, WANG H, LIU J W, SUN D L, ZHANG
Q A, ZHU M. Dual-tuning effect of In on the thermodynamic and
kinetic properties of Mg,Ni dehydrogenation [J]. Int J Hydrogen
Energy, 2013, 38(21): 8881-8887.

[3] CHERNOV I, BLOCH J, VOIT A, GABIS I. Influence of metal
powder particle’s shape on the kinetics of hydriding [J]. Int J
Hydrogen Energy, 2010, 35(1): 253—258.

[4] MILANESE C, GIRELLA A, BRUNI G, COFRANCESCO P,
BERBENNI V, MATTEAZZI P, MARINI A. Mg-Ni—Cu mixtures
for hydrogen storage: A kinetic study [J]. Intermetallics, 2010, 18(2):
203-211.

[5]  ZHANG Yang-huan, SONG Chun-hong, REN Hui-ping, LI Zhi-gang,
HU Feng, ZHAO Dong-liang. Enhanced hydrogen storage kinetics of
nanocrystalline and amorphous Mg,Ni-type alloy by substituting Ni
with Co [J]. Transactions of Nonferrous Metals Society of China,
2011, 21(9): 2002—2009.



166
(6]

(7]

(9]

(10]

(1]

[12]

[13]

[14]

Chao-yi CHEN, et al/Trans. Nonferrous Met. Soc. China 26(2016) 160—166

LUO Q, AN X H, PAN Y B, ZHANG X, ZHANG J Y, LI Q. The
hydriding kinetics of Mg—Ni based hydrogen storage alloys: A
comparative study on Chou model and Jander model [J]. Int J
Hydrogen Energy, 2010, 35(15): 7842—7849.

LI Q, CHOU K C, LIN Q, JIANG L J, ZHAN F. Influence of the
initial hydrogen pressure on the hydriding kinetics of the Mg, AlNi
(x=0; 0.1) alloys [J]. Int J Hydrogen Energy, 2004, 29(13):
1383-1388.

ZHOUHY,LAN X X, WANGZM, YAOQR,NICY, LIU W P.
Effect of rapid solidification on phase structure and hydrogen storage
properties of Mg7o(Nig7sLag2s)30 alloy [J]. Int J Hydrogen Energy,
2012, 37(17): 13178—13184.

LASS E A. Hydrogen storage in rapidly solidified and crystallized
Mg—Ni—(Y,La)—Pd alloys [J]. Int J Hydrogen Energy, 2012, 37(12):
9716-9721.

LIU X F, ZHU Y F, LI L Q. Hydrogen storage properties of
Mgio0—Ni, (x=5, 11.3, 20, 25) composites prepared by hydriding
combustion synthesis followed by mechanical milling (HCS+MM)
[J]. Intermetallics, 2007, 15(12): 1582—1588.

SINGH R K, SADHASIVAM T, SHEEJA G I, SINGH P,
SRIVASTAVA O N. Effect of different sized CeO, nano particles on
decomposition and hydrogen absorption kinetics of magnesium
hydride [J]. Int J Hydrogen Energy, 2013, 38(14): 6221-6225.
CHOU K C, XU K D. A new model for hydriding and dehydriding
reaction in intermetallics [J]. Intermetallics, 2007, 15(5): 767-777.
ZHOU Guo-zhi, LI Qian. Thermodynamics and kinetics of
magnesium- based hydrogen storage material [J]. Chinese Journal of
Nature, 2011, 33(1): 6—12. (in Chinese)

LI Q, LIU J, CHOU K C, LIN G W, XU K D. Synthesis and

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

dehydrogenation behavior of Mg—Fe-H system prepared under an
external magnetic field [J]. J Alloy Compd, 2008, 466(1-2):
146-152.

LIU J, LI Q, CHOU K C. Mg-Ni—H hydrogen storage system
prepared by controlled hydriding combustion synthesis [J]. Advanced
Materials Research, 2011, 197—-198: 749-752.

JANDER W. Reactions in solid state at high temperatures [J]. Z
Anorg Allg Chem, 1927, 163(1): 1-30.

CARTER R E. Kinetic model for solid-state reactions [J]. J Chem
Phys, 1961, 34(6): 2010—-2015.

LIU Jing, LI Qian. Hydriding/dehydriding behaviors of La,Mg—
10wt% Ni composite prepared by mechanical milled [J]. Journal of
Rare Earths, 2013, 31(1): 73-78.

AN X H, LI L G, ZHANG ] Y, LI Q. Comparison of dehydriding
kinetics between pure LaNis and its substituted systems [J]. J Alloy
Compd, 2012, 511(1): 154-158.

CUIXY,LIQ, CHOU K C, CHEN S L, LIN G W, XUK D. A
comparative study on the hydriding kinetics of Zr-based AB,
hydrogen storage alloys [J]. Intermetallics, 2008, 16(5): 662—667.
PAN Y B, WU Y F, LI Q. Modeling and analyzing the hydriding
kinetics of Mg—LaNis composites by Chou model [J]. Int J Hydrogen
Energy, 2011, 36(20): 12892—12901.

HOU X M, CHOU K C. Investigation of the effects of temperature
and oxygen partial pressure on oxidation of zirconium carbide using
different kinetics models [J]. J Alloy Compd, 2011, 509(5):
2395-2400.

SINGH A K, HOU X M, CHOU K C. The oxidation kinetics of
multi-walled carbon nanotubes [J]. Corrosion Science, 2010, 52(5):
1771-1776.

Mg-Ni S FRXIEFRME NN FHNIE

MEAEE !, MAEAR Y, DI

%) 2

L. SR MRS E2ER, St 5500035
2. BUMITYE RS Mkl S @i TRE24Re, S1FH 550001

W . RS T IEIREE S BRI & Mg-Ni A, TESRRAARSSR A IR A s & 5)
iR A AHARA T Mg—Ni SRR T #pLEE. SR B, BT S SRR & R
of s CHOEAEARSRE AT T o Mg—Ni S AR AE TR R 2 0 O R P AE R A9 1. 7E 6 T 937
A AR A SR AT SR A A N A S R SR R RE T IR D AT 2T

KA. Mg-Ni &by MEsh % B, S5l ARSER

(Edited by Mu-lan QIN)




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


