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LaNi3.8Al1.0Mn0.2 alloy was prepared by vacuum induction melting and melt-spinning. The effects of different preparation techniques of the as-cast, cast then annealed, as-spun and spun then annealed alloys
on the microstructure and hydrogen storage properties were investigated. The results indicated that the
non-CaCu5 phases in the alloy became tinier and more dispersive after annealing or melt-spinning compared to those of the as-cast one. But in the spun then annealed alloy, the non-CaCu5 phases disappeared
and only a single-phase with CaCu5 type structure was found. For all the alloys, the cell volume was increased in an order of as-cast < spun then annealed < cast then annealed < as-spun, and the change of
plateau pressure showed the opposite trend with that of the cell volume. The plateau could be ﬂattened after melt-spinning or annealing, and the spun then annealed alloy showed the minimum plateau
slope. The absorption kinetics of the alloy was promoted after melt-spinning or annealing. It is suggested that the change in cell volume and compositional homogeneity resulting from different preparation
techniques contribute to the difference of the hydrogen storage properties of the investigated alloys.
Copyright © 2016, The editorial oﬃce of Journal of Materials Science & Technology. Published by
Elsevier Limited.

1. Introduction
Hydrogen energy is one of the ideal solutions to both energy crisis
and environmental pollution, which have become two serious threats
to the development of the human society nowadays. Metal hydride
is a safe and cost-effective candidate for hydrogen storage[1–11]. Among
various metal hydrides, LaNi5 is a superior hydrogen storage alloy,
which has been comprehensively investigated for its high capacity, easy activation, and fast kinetics[2–5]. Substituting different
elemental species into the Ni lattice sites has been widely used to
acquire novel hydrogen storage properties for LaNi5-based alloys.
Due to their low plateau pressures, long cycling life and good tolerance to impurities, which are required in some special situations,
several investigations[2–9] concerning on the hydrogen storage properties of La–Ni–Al, La–Ni–Mn and La–Ni–Al–Mn have been reported.
The plateau pressure and ﬂatness of PCT curve (pressurecomposition isotherm) of hydrogen storage alloys are important for
their practical applications. As known [1,2] , annealing or meltspinning is effective in ﬂattening the plateau regions, and both of
them tend to alleviate the segregation in the alloys. However, annealing makes an equilibrium state and removes the lattice defects,
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while melt-spinning makes a non-equilibrium state and impels the
alloys to form more lattice defects and grain boundaries[2–4]. Since
the difference in the microstructure could directly affect the whole
hydrogen storage properties of the alloys, it is necessary to prepare
the alloy by various techniques, and then characterize their effects
on microstructure and hydrogen storage properties.
Our previous work[5–7] revealed that LaNi3.8Al1.0Mn0.2 alloy demonstrated an outstanding potential as a hydrogen storage alloy. In
the present work, the microstructure, PC-isotherms and hydrogen
absorption kinetics of the as-cast, cast then annealed, as-spun, and
spun then annealedLaNi3.8Al1.0Mn0.2 alloys were studied to evaluate the effect of preparation technique on the microstructure and
hydrogen storage properties of the LaNi3.8Al1.0Mn0.2 alloy.
2. Experimental
The experimental LaNi3.8Al1.0Mn0.2 alloy was prepared by a vacuum
induction furnace under argon atmosphere. The purities of the starting materials were La 99%, Ni 99.9%, Al 99.7% and Mn 99.7%.
Afterward, one part of the as-cast alloy was annealed at 1223 K for
6 h under argon atmosphere, while the other part was melt spun
by a single-roller melt-spun equipment at a roller surface velocity
of 17.3 m/s under argon atmosphere, and then one part of the asspun alloy was annealed at 1223 K for 3 h under argon atmosphere.
The hydrogen storage properties of LaNi3.8Al1.0Mn0.2 alloy with
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different states were determined using a Sieverts-type apparatus.
The initial activation for the alloys was performed by exposing about
1.4-g sample to 1.5-MPa hydrogen at 413 K after evacuation for 0.5 h
by a rotary pump. After six cycles of hydrogen absorption/desorption,
the sample was fully activated. Hydrogen absorption/desorption PC
isotherms and absorption kinetics were obtained in a temperature range of 413–473 K by the conventional volumetric method
using the commercial hydrogen with a purity of 99.999%. Hydrogen absorption kinetics data were collected as a function of time
at an initial pressure of 2 MPa by recording the change in pressure. The slope factor is described as Sf = (dlnP)/d(H/M), where P is
the equilibrium pressure and H/M is the hydrogen content expressed as atomic ratio.
The crystal structure of the samples was determined by X-ray
diffraction (XRD) with CuKα radiation. The cross-section morphology and elemental composition were studied by scanning electron
microscopy (SEM) with energy-dispersive X-ray spectroscopy (EDS).
3. Results and Discussion
3.1. Structure characteristics
SEM images of the cross-section of the as-cast and melt-spun
LaNi3.8Al1.0Mn0.2 alloys before and after annealing are shown in Fig. 1.
The images indicated that the grains of the as-cast alloy are very
coarse, while melt-spinning made the grain size decrease obviously. These results are in good agreement with previous reports[8,9]
that the grain size of the as-spun alloy is very small, while it grows
up obviously after annealing.
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Figs. 2 and 3 show the phase distribution and composition of
LaNi3.8Al1.0Mn0.2 alloys prepared by different techniques, and the phase
constituents analyzed by EDS are listed in Table 1. It can be found
that the as-cast alloy consisted of a matrix phase: LaNi5 phase (A1),
and three second phases: LaNi2 phase (B1), LaNi3 phase (C1) and
AlNi phase (D1). After annealing or melt-spinning, the second phases
became tiny and dispersive and the LaNi2 phase changed into LaNi
phase (B2, B3). For the spun then annealed alloy, the second phases
disappeared, and only a single LaNi5 phase (A4) was observed. This
reveals that the annealing or melt-spinning process effectively improved the compositional homogeneity of the alloy. Previous
study[2,10,11] also found that the annealing or melt-spinning signiﬁcantly changed the microstructures of the alloys, decreased the
amount of the secondary phase, and produced both homogenous
phase structure and alloy composition.
Fig. 4 shows the XRD patterns of LaNi3.8Al1.0Mn0.2 alloys prepared by different techniques, where only the diffraction peaks from
the crystal planes of the CaCu5 type hexagonal structure phase can
be clearly resolved. The lattice parameters, cell volumes and lattice
strains (e) of the CaCu 5 phase were obtained by using JADE
software[12], and listed in Table 2. The data showed that the lattice
parameters and cell volumes of the as-cast alloy remarkably increased after annealing or melt-spinning, while those of the asspun alloy slightly decreased after annealing. The cell volume was
increased in an order of as-cast < melt-spun then annealed < cast
then annealed < as-spun. This is also consistent with previous studies
that the unit-cell dimensions of the alloys could be increased after
annealing or melt-spinning[13,14], however, the unit-cell dimensions of the melt-spun alloy decreased after annealing at 1213 K[15].

Fig. 1. Cross-section of the LaNi3.8Al1.0Mn0.2 alloys prepared by different techniques: (a) as-cast; (b) cast then annealed at 1223 K; (c) as-spun; (d) spun then annealed at
1223 K.

X.B. Han et al. / Journal of Materials Science & Technology 32 (2016) 1332–1338

1334

Fig. 2. Phase distribution of the LaNi3.8Al1.0Mn0.2 alloys prepared by different techniques: (a) as-cast; (b) cast then annealed at 1223 K; (c) as-spun; (d) spun then annealed
at 1223 K.

The change of the composition matrix of the alloy shows an important inﬂuence on the cell volume. Previous studies revealed that
for La(Ni3.8Al1.0Mn0.2)x alloys the lattice parameters and unit cell volume
decreased with decrease in x (when x > 0.96, which means B/A > 4.8,
where La is designated as A, the other elements as B), passed through
a minimum at x = 0.96 and then increased with further decrease of
x (when B/A < 4.8)[7]. Meanwhile, substituting Al or Mn for Ni can increase the unit cell volume[2,16,17]. Table 3 shows the change of B/A
and (Al + Mn)/Ni ratios in the matrix of the as-cast and melt-spun
LaNi3.8Al1.0Mn0.2 alloys before and after annealing. The results suggest
that the B/A ratio of the as-cast alloy is almost 4.8, while B/A ratio

decreased and (Al + Mn)/Ni ratio increased after annealing or meltspinning, resulting in the increase of the cell volume in an order of
as-cast < cast then annealed < as-spun. However, the B/A ratio increased to 4.94 while the (Al + Mn)/Ni ratio got the lowest value for
the spun then annealed alloy. Therefore, it is suggested that the two
opposite effects happened on its cell volume between those of the
as-cast and the cast then annealed alloys.
The lattice strains of the alloys obtained using JADE software are
listed in Table 2. The lattice strain was decreased after meltspinning or annealing. Previous investigations[13,18] revealed that
annealing could remove the lattice strain, defects, etc., which were

Table 1
Constituents of different phase of the LaNi3.8Al1.0Mn0.2 alloys prepared by different techniques
Alloy

As-cast

Cast then annealed at 1223 K

As-spun

Spun then annealed at 1223 K

Spot

A1
B1
C1
D1
A2
B2
C2
D2
A3
B3
C3
D3
A4

Element content (at.%)
La

Ni

Al

Mn

17.18
34.33
25.3
0.09
17.42
47.42
25.51
0.22
17.27
43.88
25.65
8.65
16.84

62.02
49.56
49.33
51.55
61.54
48.03
49.44
51.15
61.45
50.52
50.88
53.05
64.17

17.79
13.69
24.2
38.79
17.6
4.23
24.15
39.33
17.81
4.95
22.25
31.02
16.07

3.01
2.42
1.17
9.57
3.44
0.32
0.89
9.3
3.46
0.66
1.22
7.27
2.92

Formulate

Phase

La(Ni3.771Al1.024Mn0.205)0.964
LaNi1.444Al0.399Mn0.070
LaNi1.950Al0.957Mn0.046
La0.002NiAl0.752Mn0.186
La(Ni3.712Al1.078Mn0.209)0.954
LaNi1.013Al0.089Mn0.007
LaNi1.938Al0.947Mn0.035
La0.004NiAl0.769Mn0.182
La(Ni3.714Al1.077Mn0.209)0.948
LaNi1.151Al0.113Mn0.015
LaNi1.984Al0.867Mn0.048
La0.163NiAl0.585Mn0.137
La(Ni3.858Al0.966Mn0.176)0.988

LaNi5
LaNi2
LaNi3
AlNi
LaNi5
LaNi
LaNi3
AlNi
LaNi5
LaNi
LaNi3
AlNi
LaNi5
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Fig. 3. Phase composition of the LaNi3.8Al1.0Mn0.2 alloys prepared by different techniques: (a) as-cast; (b) cast then annealed at 1223 K; (c) as-spun; (d) spun then annealed
at 1223 K.

Table 2
Lattice parameters and cell volumes of the LaNi3.8Al1.0Mn0.2 alloys prepared by different techniques
Alloy

a (nm)

c (nm)

c/a

V (nm3)

e

As-cast
Cast then annealed
at 1223 K
As-spun
Spun then annealed
at 1223 K

0.50829
0.50992

0.40652
0.40872

0.79978
0.80154

0.090958
0.092035

0.1796%
0.0070%

0.51049
0.51012

0.40806
0.40800

0.79934
0.79981

0.092095
0.091947

0.0578%
0.0044%

Table 3
Change of B/A and (Al + Mn)/Ni ratio in the matrix of the LaNi3.8Al1.0Mn0.2 alloys prepared by different techniques
Alloy

Formulate

(Al + Mn)/Ni

B/A

As-cast
Cast then annealed
at 1223 K
As-spun
Spun then annealed
at 1223 K

La(Ni3.771Al1.024Mn0.205)0.964
La(Ni3.712Al1.078Mn0.209)0.954

0.326
0.347

4.82
4.77

La(Ni3.714Al1.077Mn0.209)0.948
La(Ni3.858Al0.966Mn0.176)0.988

0.346
0.296

4.74
4.94

Fig. 4. XRD patterns of the LaNi3.8Al1.0Mn0.2 alloys prepared by different techniques.

3.2. PC isotherms
introduced into the alloy during casting. Although melt-spinning
could make a non-equilibrium phase and impel the alloys to form
more lattice defects and grain boundaries[1,3], the lattice strain of
the as-spun alloy still decreased because of the improvement in its
compositional homogeneity.

PCT curves at 433 K of the as-cast and melt-spun LaNi3.8Al1.0Mn0.2
alloys before and after annealing are shown in Fig. 5. There are two
single-phase regions (α and β) and one dual-phase region (α + β) in the
PC isotherms for all the investigated alloys. It can be clearly seen that
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1336

Table 4
PCT curve characteristics at 433 K of the LaNi3.8Al1.0Mn0.2 alloys prepared by different techniques
Alloy

As-cast
Cast then annealed at 1223 K
As-spun
Spun then annealed at 1223 K

P (kPa)

Sf

Absorption

Desorption

75.32
37.77
36.39
41.85

62.50
35.88
33.04
39.49

0.62
0.43
0.50
0.19

Fig. 6. Correlation between the equilibrium pressure (Pa and Pd) at 433 K and unit
cell volume of the LaNi3.8Al1.0Mn0.2 alloys prepared by different techniques.

Fig. 5. PCT curves of the LaNi3.8Al1.0Mn0.2 alloys prepared by different techniques
at 433 K.

the equilibrium pressures (absorption pressure is designated as Pa and
desorption pressure as Pd) were decreased and the plateaus became
ﬂat after annealing or melt-spinning. Characteristics of PCT curves at
433 K for the as-cast and melt-spun LaNi3.8Al1.0Mn0.2 alloys before and
after annealing are listed in Table 4, which showed that the equilibrium pressures were decreased in an order of as-cast > spun then
annealed > cast then annealed > as-spun. The correlation between the
equilibrium pressure at 433 K and unit cell volume of the LaNi3.8Al1.0Mn0.2
alloys prepared by different techniques are shown in Fig. 6. The plateau
pressure was decreased with the increase of cell volume, which is in
agreement with the results previously reported by Lundin et al.[19] and
Lin et al.[20]. This correlation could be explained as follows[7]: the larger
the unit cell volume, the larger the interstitial hole size is, and hence
the smaller the strain energy produced when hydrogen occupies an interstitial site. As a consequence, the plateau pressure will be lower for
the compound with a larger unit cell.
Table 4 clearly shows that the plateau slope factor Sf was decreased after annealing or melt-spinning. Sf reﬂects the homogeneity
of the crystal lattice through distribution of the chemical potential
of hydrogen in the hydride[7,21]. A large Sf suggests a poor homogeneity of the alloy. Fig. 7 illustrates the correlation between the slope
factor Sf and the lattice strain, e of the LaNi3.8Al1.0Mn0.2 alloys prepared
by different techniques. The change of the slope factor and the lattice
strain shows the same trend with the change of preparation technique. The above analysis indicates that annealing or melt-spinning
could bring about a better crystallization due to the homogenization
in composition, which can reduce the lattice strain in the alloy.

showed fast hydrogen absorption kinetics. The absorption kinetics
of the alloy increased in an order of as-cast < cast then annealed < asspun < spun then annealed.
The model ﬁtting method is extensively applied to investigate
the hydriding/dehydriding reaction kinetics of AB5-type hydrogen
storage alloys in a gas–solid reaction. The Chou model[22] was chosen
in this study because it offers an explicit analytic expression including parameters with clear physical representation[23]. For the
surface penetration, the relation between the fraction (ξ) and time
(t) can be illustrated as[22]:

⎛
t ⎞
ξ = 1− ⎜1−
⎝ tc(sp) ⎟⎠

3

(1)

where fraction ξ is expressed as the percentage of the hydride alloy
to the total initial alloy, tc(sp) is the characteristic time when the ratecontrolling step is surface penetration. When the rate-controlling
step is diffusion, the relation between the fraction (ξ) and time (t)
can be illustrated as:

3.3. Absorption kinetics
Fig. 8 shows the absorption kinetic curves of the alloys at 433 K.
Under the present experimental conditions, all the investigated alloys

Fig. 7. Correlation between the slope factor Sf and lattice strain of the LaNi3.8Al1.0Mn0.2
alloys prepared by different techniques.
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shown in Fig. 9, it can be seen that the experimental data can be
well described with Eq. (2). Chou and Xu[22] found that the absorption rate of the alloys was inverse proportion to the plateau pressure
and particle size, but proportion to the diffusion coeﬃcient of hydrogen in hydride. In the present investigation, the decrease of the
plateau pressure and a better-ordered structure, which make the
hydrogen easily enter the crystal lattice after the annealing or meltspinning improved the absorption kinetic of the alloy.
4. Conclusions

Fig. 8. Hydrogen absorption kinetic curves of the LaNi3.8Al1.0Mn0.2 alloys prepared
by different techniques.

⎛
t ⎞
ξ = 1− ⎜1−
tc(d) ⎟⎠
⎝

3

(2)

where tc(d) is the characteristic time when the rate-controlling step
is diffusion. The measured and ﬁtted absorption kinetic curves are

(1) Annealing or melt-spinning could improve the homogeneity and diminish the lattice strain of LaNi3.8Al1.0Mn0.2 alloy, and
result in a ﬂatter PCT curve plateau.
(2) For all the alloys, the cell volume was increased in an order
of as-cast < melt-spun then annealed < cast then annealed < melt-spun, and the change of plateau pressure got
the opposite trend with that of the cell volume.
(3) The hydrogen absorption kinetics of the alloys was improved after melt-spinning or annealing, and the ratecontrolling step was hydrogen diffusion, which was promoted
by the alleviation of the crystal lattice strain.
Acknowledgments
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Fig. 9. Hydrogen absorption kinetic curves of the LaNi3.8Al1.0Mn0.2 alloys prepared by different techniques together with ﬁtting curves of diffusion and surface penetration
control modes, (a) as-cast; (b) cast then annealed at 1223 K; (c) as-spun; (d) spun then annealed.
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