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ABSTRACT

The main objective of the present work is to study the effect of rapid solidification on the
electrochemical performance of Zr based Laves type alloy with a nominal composition
Ti12Zr91 5V10Cr7 sMng 1CogNisy »Alg 4Sno 3. The samples were prepared from the as cast arc
melted buttons by melt spinning at different copper wheel rotation speeds of 5, 16.5, 33, and
100 Hz, which are equivalent to linear speeds of 6.3, 21,41, and 62.8 m s * respectively using a
coolingwheel with a diameter of 20 cm. The phase composition and morphology of the ribbons
were analyzed by X Ray diffraction (XRD) and scanning electron microscopy (SEM). The
microstructural changes of the ribbons induced by the variations in the wheel rotation speed
were found to be closely related to the electrochemical performances. High discharge capac
ities exceeding 400 mAh-.g * were achieved for the melt spun samples during the measure
ments at low current densities. Furthermore, melt spun casting performed at the highest
wheel rotation speed of 100 Hz resulted in the best rate performance of the alloy. As this alloy
has the smallest crystallite size, this resulted in the shortest H atoms diffusion distances, and
thus increased the efficient H diffusion rate and improved the electrochemical performance.
© 2019 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

performance of AB, MH alloys in comparison with that of the
commercial ABs MH compositions motivated intensive
studies to improve their electrochemical performance [6—8|.

Zr based Laves alloys have become the most promising can
didates between the metal hydride (MH) alloys used as nega
tive active electrode materials in the Nickel/Metal Hydride
batteries due to their high capacities in storing hydrogen by
forming AB,H;, hydrides [1-5]. However, poor activation

Rapid solidification (RS)/rapid quenching is one of the mate
rials processing techniques which produces nanostructured
alloys by applying cooling rates exceeding 10* K-s ! to the
molten metal, thus affecting both the phase composition and
microstructure of the alloys [9—13]. Both the morphology and
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phase composition resulting from the rapid quenching pro
cess can cause variations in the electrochemical performance
[14—16]. Particularly, the kinetics of the processes occurring at
the metal—electrolyte interface and the rate of hydrogen
diffusion within the bulk alloy are changed [17,18]. Therefore,
in order to improve the electrochemical performance, the
optimized phase structures with fine morphology and an
appropriate composition are highly desirable.

In the present study, RS process was performed on the
Tiuzrz1,5V10Cl'7,5MD3,1C03Ni322A10,4Sl'lo,3 alloy using different
wheel rotation speed rates of 5, 16.5, 33, and 100 Hz. Additions
of Cu [19], Fe [20], Zn [21], Si [22], Mo [23], B [24], and Pd [25] to
this alloy were studied by BASF group in order to achieve
improvements of the high rate dischargeability (HRD) perfor
mances. These studies showed that HRD performance
improved by adding 2 wt% Pd. By applying the rapid solidifi
cation process, thus by achieving its nanostructuring [26,27],
we aim at improving the HRD performance of the alloy.
Furthermore, the interrelation between the melt spinning
rotation speed and the electrochemical properties of multi
component Zr based Laves alloys and the corresponding
charge discharge mechanism will be presented in this paper.
The effects of the variation of the different cooling rates on the
crystal structure, microstructure, phase abundance, and
electrochemical properties of the rapidly solidified alloys will
be reported.

Experimental methods

Alloy with the composition of Tiqugl,SVwCry,sMnuCos.
Nisz2Alo.4Sno s was prepared by induction melting under a
protective atmosphere of helium gas by heating up the
mixture of the raw materials placed into an Al,05 crucible and
holding the formed melt at 1500 °C for 5 min. The composition
of the alloy was chosen because of its balanced performances
in capacity, high rate dischargeability (HRD), charge reten
tion, and cycle stability, and was previously used as the base
material in other studies performed at BASF [24]. The as cast
alloy was then used for the castings performed using a SC
Edmund Buehler melt spinner accommodated at CNRS/Uni
versity of Bordeaux (France) at wheel rotation speeds of 5, 16.5,
33, or 100 Hz.

The as cast alloy and four types of melt spun ribbons
were mechanically crushed and ground to powder sizes of
below 40 pm and 40-60 pm for the X Ray diffraction (XRD)
and electrochemical measurements, respectively. XRD
analysis was performed on a Bruker D8 Focus diffractometer
using Cu K, radiation in the 26 angle range of 10—-90° and
with a step size of 0.00157° using a 1 mm slit. Rietveld re
finements for the XRD pattern were carried out using the
GSAS suite of programs [28] with the EXPGUI interface. A
JEOL JSM6320F scanning electron microscope (SEM, Tokyo,
Japan) equipped with energy dispersive spectroscopy (EDS)
analysis was used to study the phases distribution and their
composition.

MH pellet electrodes were prepared by first thoroughly
mixing the alloy powder having a particle size of 40—60 um
with carbonyl Ni powder with a specific surface area of
~0.7 m? g ! in the weight ratio of 1:4, which was then cold

pressed under a pressure of 12 MPa into a 10 mm diameter
pellet which was then sandwiched between two Ni foams.

Electrochemical performance was measured using a CT
2001 Land Battery Tester with the three electrode system
consisting of a MH alloy working electrode, a sintered
Ni(OH),/NiOOH counter electrode, and a Hg/HgO reference
electrode using a 9 M KOH aqueous solution as the electro
lyte. Galvanostatic method was used to measure the activa
tion and rate performance of MH electrode. MH electrode was
charged at a current density of 100 mA-g *for 5 h followed by
a 30 min rest and then discharged at a current density of
100 mA-g *to a voltage cut—off of 0.7 V against the Hg/HgO
reference electrode. After the MH electrode was fully acti
vated, it was charged at a current density of 100 mA-g * fol
lowed by a 30 min rest and discharged at different current
densities (0.1-1 C rate) to a voltage cut—off of 0.6 V against
the Hg/HgO reference electrode (see Table 1 presenting the
details of the electrochemical characterisation experiments
performed during the halfcell measurements). The
discharge rate performances of each sample are shown by
calculating the ratio the discharge capacity at the highest
current density to the capacity at the lowest current
density [29].

Results and discussion
Ribbon structure

Morphologies of the ribbons appear to be directly related to
the conditions of the Rapid Solidification performed at the
University of Bordeaux/CNRS Bordeaux. With increasing
wheel rotation speed, RS results in regular changes in width,
length and thickness of the produced ribbons (see Fig. 1).
Indeed, all dimensions of the ribbons gradually decrease when
rotation frequency goes up from 5 to 100 Hz. This is expected
as thinner, shorter, and narrower ribbons are anticipated to be
produced at higher rotation speeds. Dimensional parameters
of the ribbons produced by melt spinning are shown in
Table 2.

Table 1 — Summary of the electrochemical

characterisation experiments performed during the half-
cell measurements.

Cycle Charge Charge Discharge Discharge cut

number current time(h) current —off voltage
(mA-g ) (mA-g %) V)

133 100 5 100 0.7

34 100 5 10 0.6

35 100 5 34 0.6

36 100 5 68 0.6

37 100 5 100 0.6

38 100 5 136 0.6

39 100 5 169 0.6

40 100 5 200 0.6

41 100 5 237 0.6

42 100 5 271 0.6

43 100 5 305 0.6
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Fig. 1 — Ribbons produced using melt spinning at different wheel rotation speeds of 5 (a), 16.5 (b), 33 (c), and 100 (d) Hz.
Higher solidification rates cause regular changes in width, length, and thickness of the produced ribbons which all gradually
decreased when rotation frequency went up from 5 to 100 Hz. Their values change from 0.5, 4.4, and 0.213 mm to 0.1, 0.5,

and 0.043 mm, respectively (see Table 2 for the details).

XRD analysis

XRD patterns of five studied alloys are shown in Fig. 2. All
peaks can be fitted to a hexagonal Laves type C14 and a face
centered cubic C15 Laves type structures. However, as the C14
phase is the main component with its abundancy exceeding
83 wt% for every studied material, in analysis of the crystallite
size in GSAS refinements we only considered the related data
as contributed by the main C14 phase only.

A typical Rietveld GSAS refinement plot for the as cast
sample is presented in Fig. 3, while the data on the unit cell
parameters, volumes of the unit cells, crystallite sizes, and
phase abundances for the studied samples are given in Table
3. Two conclusions can be made when analyzing the data
presented in this Table.

(a) Asthe wheelrotation speed increases, the abundance of
the C14 phase becomes higher, suggesting that the C14
phase is more likely to form at higher solidification rates

Table 2 — Characteristics of the ribbons produced by melt
spinning.

Sample Width (mm) Length (mm) Thickness (mm)
As cast

5 Hz 0.5 44 0.213

16.5 Hz 0.3 2.9 0.125

33 Hz 0.2 2.0 0.057

100 Hz 0.1 0.1 0.043

as compared to the C15 phase. This is in agreement with
an earlier report [30].

(b) For the C14 intermetallic the crystallite sizes gradually
decrease from the initial 104 nm for the as cast alloy to
21 nm for the sample received by the melt spinning at

100 Hz.
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Fig. 2 — XRD patterns collected using Cu-K, radiation for
the as-cast and melt-spun samples with composition
Tio20Zros0Llao.01Ni1.2Mng 70Vo.12F€0.12 obtained at different
wheel rotation speeds of 5, 16.5, 33, and 100 Hz. Two Laves
phase intermetallics, C14 (major phase; 83.5 wt%) and C15
(minor phase; 16.5 wt%), were quantitatively identified.
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Fig. 3 — Observed (+), calculated (upper line), and difference
(lower line) Rietveld GSAS refinement plots of the XRD
pattern of the as-cast sample. The XRD data shows
presence of two phases, C14 (83.5 wt%; bottom ticks) and
C15 (16.5 wt %; top ticks) intermetallics. Reliability factors
are:Rp 3.5%; Rwp 4.8%;and x? 1.1.

As mentioned earlier, due to the small abundance of
C15 phase, crystallite size for C15 phases has not been
refined.

At the same time, unit cell parameters, ¢/a ratios and
volumes of the unit cells show only slight variations (1.3%
in maximum for the volumes of the C14 Laves phase and
0.6% for the volumes of the C15 phase). These variations
are probably related to the small changes in the stoichi
ometry of the alloys introduced during the melt casting
process.

SEM/EDS analysis

Microstructures of the alloys were studied by SEM, and their
images collected in the backscattered electron (BSE) mode are
presented in Fig. 4.

As cast sample shows a formation of the two phase
microstructure containing C14 Laves type intermetallic as
the main constituent and a secondary C15 intermetallic, with
the main phase having a grain size with a length of appr.
15 um and a width of appr. 3—5 um (see Fig. 4).

Casting by rapid solidification significantly and regularly
changes the phase composition and morphology of the con
stituents because of the increasing solidification rate being
proportional to the increasing wheel rotation speed.

Rapid solidification causes the following changes

(a) Grain size significantly and gradually decreases with
increasing the wheel rotation speed. Indeed, already at
a rotation speed of 5 Hz the grain size drops from the
initial 15 um to just approximately 2 pym at 5 Hz and
further down to 900 nm at 100 Hz.

(b) Increased rate of RS causes formation of a dendrite
microstructure. Dendrites appear in the samples casted
at 16.5 Hz and at 33 Hz. The size (3 — 2 pm) and arm
spacing (250 — 200 nm) of the dendritic structure de
creases with increasing solidification rate (16.5 — 33 Hz).

(c) Finally, at 100 Hz rotation speed, the morphology be
comes more uniform with a matrix C14 phase
composinga core and a secondary C15 phase forming a
shell. Large number of nuclei of the main C14 phase is
formed in the RS samples due to the higher melting
temperature of this intermetallic. When the rotation
speed increases, these nuclei do not have enough time
to grow and these limitations in the kinetics of growth
result is a smaller dendrite sizes and arm spacings.
When reaching the highest solidification rate, the ma
trix and secondary phase compete with each other to
firstly nucleate while not always having a sufficient
time to grow. By increasing the rotation speed to 100 Hz,
a homogeneous structure with a more even distribution
of secondary phase in the structure is formed while the
dendrite structure is no longer observed.

Electrochemical measurements

As shown in Fig. 5, the as cast alloy has the best activation
performance among all studied alloys, requiring approxi

mately 10 activation cycles to reach the discharge capacity of
close to 280 mA-g *. All melt spun alloys need more than 15
cycles to be activated, even up to 17 to 20 cycles for a 16.5 Hz
speed (Fig. 5 (a)). We assume that the RS process increased the
thickness of the native oxide on the MH alloy surface which
required extra cycles of charge discharge to be removed. The
increase in the C14 phase abundance and a larger amount of
the surface oxides in the starting 5 Hz RS alloy caused a more
difficult activation of the sample. Similar difficulties in acti

vation were observed for other RS materials. Thirty three cy

cles were performed for all the melt spun alloys to ensure that
the MH electrodes were fully activated and ready for the
discharge rate measurements. Among all the melt spun al

loys, 100 Hz melt spun alloy showed the fastest activation and

Table 3 — Crystallographic data, crystallite size and phase abundances for the as-cast and melt-spun samples from the

Rietveld GSAS refinements.

Cl14 C15

Alloy a, A c, A c/a  V,A® Crystallite size, nm Abundance, wt.% a,A V,A®> Abundance wt.%
As cast 4.9662(1) 8.0935(2) 16297 172.9 (1) 104 83.5 (4) 7.0037 (3) 3435 (4) 16.5 (1)

SHz  4.9454(2) 80587 (3) 16295 170.7 (1) 29 89.3 (4) 6.9888 (1) 3413 (2) 10.7 (4)
165Hz 4.95% (2) 8.0800 (5) 16292 172.1(2) 2 94.3 (3) 7.0106 (6) 344.6 (9) 5.7 (3)

33Hz 49563 (4) 8.0761(8) 16294 171.8 (4) 2 84.6 (8) 6.9945 (6) 3422 (9) 154 (2)
100Hz 4.9660 (4) 8.0906 (8) 16291 172.8 (4) 2 83.8 (1) 7.0173 (6) 3455 (9) 16.2 (3)
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Fig. 4 — BSE SEM micrographs of as-cast (a) and melt-spun samples produced at different rotation speeds of 5 Hz (b), 16.5 Hz

(c), 33 Hz (d), and 100 Hz (e).

the highest discharge capacity (after 33 charge discharge cy
cles) of 237 mAh-g *. This can be due to its optimized
microstructure showing a significant refinement, and a rather
limited phase segregation as compared to the other melt spun
samples.

The discharge rate performances of each sample are pre
sented in Fig. 5 (b). These rate performances were evaluated by
calculating high rate dischargeability (HRD) given in Table 4,
which presents the ratio of the discharge capacity available at
the highest current density of 304 mA g * to the electro
chemical capacity at the lowest current density at 10mA g *.
The as cast alloy shows the highest discharge capacity
at most applied discharge current densities. The highest
discharge capacity at the lowest current density

measurement is observed for the melt spun 16.5 Hz sample.
This capacity drops faster during the initial increase in current
densities, but the decrease in capacity slows down as the
current density increases further indicating that the RS pro
cess effectively improves the rate performance at higher
current densities. Gradual capacity decrease for the studied
alloys with increasing current densities can be observed
clearer by analyzing the data of the Table 4. The largest
decrease in HRD is found to happen for a 16.5 Hz sample, then
followed by 33 Hz and 5 Hz samples. However, this rapid
decrease only takes place at lower current densities. As cast
sample shows the smallest decrease in the capacity at the
beginning, but it becomes more pronounced when the current
density increases.
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Fig. 5 — Electrochemical activation on cycling (a) and rate
dependence of discharge capacity (b) of the alloys studied
in this work. The activation becomes more difficult for the
melt-spun samples; however, the best rate performance is
achieved at the highest rotation speed of 100 Hz, as can be
concluded from its lowest slope.

We observe evidences that different quenching rates ach
ieved due to the variation of the wheel rotation speed of the
melt spinner result in microstructural changes in the alloy

Table 4 — HRD characteristics of the as-cast and melt-
spun samples (%).

Current density As 5Hz 16.5 Hz 33 Hz 100 Hz
(mA-g Y cast

10 100 100 100 100 100
34 86 64 23 38 79
68 80 43 23 41 63
100 75 28 20 40 58
136 71 19 16 37 55
169 63 13 12 33 52
200 55 9 9 29 50
237 50 6 7 25 47
271 43 4 5 19 44
304 32 4 6 21 46

which significantly affect the electrochemical performance.
Further to the microstructural modifications, the abundance of
the C14 and C15 phases also changes as a result of rapid so
lidification. The ratio C14/C15 plays an important role in elec
trode performance as C14 phase is favourable for achieving
high electrochemical capacity while C15 phase causes high
rate performance of the electrode. With increasing the rotation
speed, the higher solidification rates are achieved which re
sults in reduced grain sizes of the processed alloy. Lower so
lidification rates resulting from application of lower wheel
rotation speeds (16.5 and 33 Hz) cause formation of dendritic
structures and such morphology slows down hydrogen diffu
sion thus causing inferior rate performance of the battery an
odes. Not only slowing down of the hydrogen diffusivity but
also a decrease in the surface exchange currents for the den
dritic structures were reported earlier in the reference data [31]
and were linked to the inferior rate performance of the metal
hydride anodes. Thus, forming a homogeneous nano
structured metal hydride anode with an optimised ratio C14/
C15 which was achieved for the highest applied solidification
rate will allow reaching the best electrochemical performance.

The best HRD performance is observed for the 100 Hz
sample which is showing only a small drop in the discharge
capacity at each step of ramping up of the applied current
density during the HRD experiments. This is probably caused
by the smallest crystallite sizes observed for this sample
resulting in the fastest hydrogen diffusion in the bulk material.

The slight compositional variations and phase structural
changes induced by RS process affect the activation and rate
performances. The most abundant C14 phase which is less
prone to pulverization with smaller amount of the C15 phase
present in the melt spun alloy (which undergoes hydride
decrepitation faster and more easily) correlates with the
poorer activation performance of the C14 predominantalloys.
The surface of these alloys should be activated to reach their
maximum electrochemical capacity, and a treatment in hot
(80 °C) KOH solution is one of the possible options to try. On
the other hand, the optimized structure obtained by reaching
an appropriate ratio between C14 and C15 phases provides a
synergetic effect and improves the rate performance. More
over, RS process proved to cause a pronounced refinement of
the microstructures thus reducing the distance for the
hydrogen diffusion and creating a faster hydrogen diffusion
paths through the alloy.

Conclusions

The effect of cooling rate variation during the melt casting of
the Ti122r21.5V10Cr7.5Mn3.1C03Ni32_2A10.4Sn0.3 alloy has been
studied. All melt spun samples showed a predominant for

mation of the C14 Laves type intermetallic phase. Rapid solid

ification process significantly affects the morphology and
microstructure of the alloys. Equiaxed grain structure is formed
at alowerrotation speed, while the dendritic structures solidify
at higher rotation speeds, and finally the dendritic structure
vanished and equiaxed grains with the phase segregation at the
grain boundaries are observed at the highest rotation speed.
The discharge rate performances improved with the rapid so

lidification process and were the best at the highest applied



cooling rate achieved at 100 Hz. This phenomenon is believed to
be due to the optimized structure obtained by reaching an
appropriate ratio between C14 and C15 phases providing a
synergetic effect and improving the rate performance.
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