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© ABSTRACT

Transmission Electron Microscopy (TEM), combined with X-ray Diffraction (XRD)
and Scanning Electron Microscopy (SEM) was employed to investigate a proprietary and
multicomponent AB, type Nickel-Metal Hydride (Ni-MH) battery alloy. This material was
prepared by High Pressure Gas Atomization (HPGA) and examined in both the as-atomized
and heat treated condition. TEM examination showed a heavily faulted dendritic growth
structure in as-atomized powder. Selected Area Diffraction (SAD) showed that this region
consisted of both a cubic C15 structure with lattice constant a=7.03 and an hexagonal C14

structure with lattice parameter a=4.97A, ¢c=8.11A. The Orientation Relationship (OR)

between the C14 and C15 structures was determined to be (11 1)[1TO]C15 //(0001)[1 IEO]CH.
An interdendritic phase possessing the C14 structure was also seen. There was also a very
fine grain region consisting of the C14 structure. Upon heat treatment, the faulted structure
became more defined and appeared as intercalation layers within the grains. Spherical
particles rich in Zr and Ni appeared scattered at the grain boundries instead of the C14
interdendritic phase. The polycrystalline region also changed to a mixture of C14 and C15

structures. These results as well as phase stability of the C15 and C14 structures based on a

consideration of atomic size factor and the average electron concentration are discussed.



INTRODUCTION

General Background

Hydrogen is an ideal fuel choice because it is a clean, abundant, endless source of
energy. When it burns it produces only water, which can be broken down to hydrogen and
oxygen, and it has an extremely high gravimetric specific energy. However, using hydrogen
as a fuel poses several problems. The gaseous nature of hydrogen requires large storage
volumes unless it is compressed. Compressed hydrogen is a significant safety hazard and
storage cylinders are bulky and impractical for many applications. To be used in the liquid
form, hydrogen would have to be maintained at 20 degrees above the absolute zero, requiring
expensive cryogenic equipment. Therefore, the safest and most practical method of
employing hydrogen as a fuel source is in rechargeable batteries. It is for this reason that the
nickel metal hydride (Ni-MH) rechargeable batteries have gained so much recognition and
have been developed rapidly in the last decade. They offer the promise of a safe,
rechargeble source of energy. Another driving force for their development is that Ni-MH
batteries may be used to replace environmentally hazardous Nickel-Cadium batteries. Other
appreciable advantages of Ni-MH batteries include: much higher energy density than Ni-Cd
batteries; high discharge current; good cycle life and the capability to be completely recycled.

The essential difference between Ni-MH and Ni-Cd batteries is the difference in the
negative electrode rather than a structural difference. It is known that hydrogen is absorbed
dissociatively by metallic crystalline surfaces of some types of metals and alloys, with a
typical hydrogen to metal ratio of one [1, 2]. These types of metals and alloys form unstable

hydrides either exothermically or endothermically [3]. The hydrides are capable of



absorbing large amounts of hydrogen in the solid crystalline state. When heated the hydride
phase releases (or discharges) hydrogen and gains hydrogen (recharges) again when cooled
in a reversible process. Such metal alloys can be utilized as the negative electrode in the Ni-
MH battery where M is the appropriate metal or alloy. The Ni-MH battery that has such a
negative electrode is able to absorb hydrogen reversibly. A schematic [4] of the charging
(dashed arrows) and discharging (arrows) reactions of a Ni-MH battery is shown in Figure 1.
When a rechargeable Ni-MH battery goes through the charging process, hydrogen
ions from the electrolyzed water present in the battery are reduced and turn into hydrogen.
The hydrogen, in turn, is absorbed by the metal-hydride cathode. When the process is
reversed, the hydrogen oxidizes and reunites with oxygen, forming water and producing

molecular hydrogen [5].
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Figure 1. Schematic of the charging (dashed arrows) and discharging reactions of a Ni-MH

battery.




The charging and discharging reactions of a Ni-MH battery electrode in alkaline

electrolytes can be written as [6]:

charge

i. M+ H;;_O +e . M- Hads + OHint-
discharge

charge
.. 5 - -
11. M - Hads < MH OHln[ 3 OHbu]k
discharge

charge
iii.. MH ——> MH 2Hags —> Ho
i1scharge

In these equations, M is the hydrogen storage alloy, M — Haps denotes the hydrogen on
the surface of the alloy, MH represents the hydrogen in the bulk of alloy and the MH refers
to the condensed hydride phase. The first stage is the charge-transfer. In this reaction, the
absorbed hydrogen and hydroxide ions are formed at the electrode-electrolyte interfaces.
The second stage is hydrogen dissolution and the diffusion of the absorbed hydrogen in the
bulk alloy while the hydroxide ions diffuse into the bulk of the electrolyte. The third stage is
the condensed phase recrystallization. The hydrogen stores in the metallic lattice in the form
of a hydride. In the case of MH electrode overcharge, the hydrogen will be evolved as gas.
In the process of discharging, hydrogen stored in the bulk alloy is brought to the electrode-
electrolyte interfaces where it is oxidized. The complete electrode reaction can be expressed

as:

charge

M+H,O0+e =2 MH+OH.
discharge




Historical Review

The first investigations into using binary and pseudo-binary metal hydride alloys
reversibly as hydrogen absorbing sources for use in electrochemical cells appeared in the
early 1970s [7]. Since then investigations concerning these alloys have been conducted
primarily at Brookhaven National Laboratory in New York [8] and Philips Research
Laboratory in Eindhoven, the Netherlands [9]. Table 1 shows the history of hydrogen
storage material and Ni-MH battery research [10]. Three types of compounds of multi-
component alloys have been successfully used for Ni-MH electrode manufacture [5,6,7]:

e the ABs(the prototype alloy is LaNis);

o the AB; (the prototype alloy is ZrV,);

e the AB/A,B (the prototype alloy is TiNi/Ti;Ni).

Table 1. The development of hydrogen storage materials and Ni-MH batteries [9].

Time Development/Introduction

1970 MH electrode of TiNi-Ti;Ni alloy

1970 MH electrode of LaNis

1978 MH electrode of LaNis.«My alloy, Battery of LaNis alloy
1984 LaNi; sCo2 5 base for multiple element alloy

1985-1990 Mixed rare-earth base alloy, hydrogen storage alloy
produced mainly by surface-treating technology of high
capacity alloys for Ni-MH battery

1991-present Large scale production of Ni-MH batteries



Among hydrogen storage alloys, ABs type alloys are commercially more favored and
better developed as negative electrode materials than others. In the past 25 years, it seems
that every battery company around the world has tried to developed the Ni-MH battery by
utilizing excusively the LaNis type of alloy [11]. High capacity Ni-MH batteries which
utilize the ABs type alloys were commercialized in 1996. The volumetric energy density of
these batteries are higher than Li ion batteries.

The Ovonic Battery Company (OBC), as a subsidiary to Energy Conversion Devices,
has been intensively involved in pioneer work on the AB; type alloy and developing nickel-
metal hydride batteries. Their AB, type Ni-MH batteries have emerged as the leading battery
technology for electric vehicle applications [12]. The AB, type Ovonics alloys are
multiphase, each phase absorbing large amounts of hydrogen, and claimed to have catalytic
activity [13]. Compositional and structural disorders in this alloy are claimed to allow higher

hydrogen storage and better kinetics than in conventional MH alloys.

Manufacture Methods

Ni-MH alloys are presently being commercialized and developed for a variety of
applications. In most cases, these alloys were prepared by the following steps 1) arc-melting
of the constituents in appropriate proportions in an inert gas atmosphere or chill casting of
large ingots weighting several hundreds pounds; 2) extensive heat treatment of the ingots
(typically it takes days in a controlled inert atmosphere furnace) to eliminate the microscopic
compositional inhomogeneity that results during the solidification process, and to promote
grain growth and crystalline perfection; and 3) grinding of the annealed ingots into fine

powders to produce the high surface area suitable for rapid electrochemical reaction.



In some cases mechanical alloying and annealing techniques [14,15,16] have also
been used to produce these alloys. Another method involves the single reaction of hydrogen
absorption/desorption, a hydride-dehydride (HDH) process, to fracture large ingots into
smaller pieces resulting in a product with an average grain diameter of 200 microns [17,18].

The chemical homogeneity of the alloy is of special concern. Segregation occurs
inevitably in the ingot during cooling in the conventional method. Rapid solidification of
hydrogen storage alloys has been developed to minimize the effect of segregation. High
Pressure Gas Atomization (HPGA) is being investigated as a way to not only minimize the
effect of segregation but also reduce processing costs of the AB, compound.

In HPGA, a stream of molten materials is blasted with extremely cold Argon or
Helium gas at up to three times the speed of sound. The process converts the materials into
fine liquid particles which solidify quickly and are nearly spherical in shape. Due to the
rapid solidification, the particles have virtually identical chemical compositions. The
homogeneity of the HPGA powder is a key advantage over powder made from other
methods. HPGA can produce the desired microstructure directly, thus eliminating the need
for the long and costly annealing step in the conventional procedure. It also directly
generates a fine powder with high surface area, eliminating the need for an additional
grinding step. By combining the three steps of melting, heat treatment and grinding used in
the conventional procedure into one process HPGA has the potential to significantly reduce
the processing cost, one of the barriers to widespread application of AB, type Ni-MH

batteries.



Metal-Hydride Electrode Requirements

The alloys used as electrodes of high performance Ni-MH batteries must meet a
variety of requirements. The first requirement is the amount of hydrogen that it can absorb.
This determines the energy storage capacity of the battery and it is measured by amount of
hydrogen absorbed per gram of alloy. Secondly, since the electrode operates in a strongly
oxidizing alkaline electrolyte, the oxidation and corrosion resistance of the electrodes are
critical. Thirdly, reversibility of the battery depends on the bond strength between the metal
and hydrogen. Too strong bonds will make the MH electrodes oxidize easily and not be able
to store the hydrogen reversibly; too weak bonds lead to alloys that will not react with
hydrogen and hydrogen will be released as gas. The optimal bond strength for metal to
hydrogen bonds varies from 6 to 12 kcal/mol [12]. Fourthly, rapid electrochemical kinetics
and transport processes are essential since they determine the powder output of the batteries.
In the discharge process, hydrogen stored in the bulk alloy must diffuse to the electrode
surface where it reacts with an hydroxyl ion forming H,O. This process is determined by
both the kinetics of the reactions existing on the electrode-electrolyte interfaces and the
hydrogen diffusion rate within the alloy bulk. A typical value of hydrogen diffusion

coefficient in the AB; type alloy is in the order of 107 cma/s [19].

Metallurgical Characteristics of AB; Type Alloy

Although commercialized batteries are predominantly manufactured using alloys of
AB; type, the excellent properties of AB; type alloys make them very promising as superior
hydrogen storage materials. An important difference between the ABs and AB; alloy

systems is that the unit cell volume for AB; is nearly two times that for ABs. Consequently,




AB; has much lower equilibrium pressures for hydrogen absorption/desorption than that of
ABs [6]. Another consequence of the unit cell volume difference is that the change in
volume caused by the build-up of hydrogen in AB; is lower than that of ABs. This means
that alloy pulverization due to the cyclic hydrogen absorption/desorption reaction proceeds
much more slowly for the AB; type alloys [17]. Moreover, the ABs composition contains
rare earth elements such as La, Ce, which are expensive elements. Much wider possibilities
of composition of AB; type alloys may lead to more economical (and extensive) applications
[20]. Other advantages include: larger hydrogen reversible capacity, longer cycle life, better
corrosion resistance and oxidation resistance. All these advantages make AB, type alloys
prime candidates for the development of a superior hydrogen storage system.

The composition of the metal hydride alloy is the most widely used way to control the
performance of the materials as regards pressure, rate cycle life, low temperature
performance and charge retention. In general, Nickel is the basic component in most of the
current hydrogen storage materials. Besides nickel, an AB, type alloy consists of
combinations of various elements and may contain as many as 10 elements, with the
maximum amount of any one element being =~ 30% [5]. The wide range of physical and
chemical properties that can be produced in these alloys allows the MH battery performance
to be optimized.

Each element in the multicomponent alloy has a role in improving the performance of
the electrode. The function of the A component is to create a stable hydride. The elements
that are used to increase hydride stability include Zr, V and Ti. The B component has
multiple functions, including 1) improving the hydriding-dehydriding characteristics, 2)

adjusting the equilibrium pressures for the hydrogen absorption/desorption to desire levels,



and 3) enhancing the stability of the alloys and preventing the A components form being
readily oxidized [6]. Therefore, transient elements which do not have completely filled d
orbitals, such as Ni, Cr, Fe, Mn, V, Al, Si, Mo, Co, are usually selected as the B component.

The optimum microstructure for AB; cathode materials is a highly disordered
multiphase mixture of amorphous and crystalline region [21]. This is in contrast to the
optimum microstructure for ABs type materials, which is a homogeneous, equilibrium
hexagonal single phase [22].

The AB, type alloys belong to the class of materials known as Laves phase [5].
These phases are a group of topologically highly close-packed intermetallic (t.c.p.)
compounds with an AB, stoichiometry. Typically, the Laves phases are categorized into one
of three crystal structures based on magnesium: MgCu,-type structure (cubic C15 or 3C),
MgZn;-type structure (hexagonal C14 or 2H) and MgNi,-type structure (dihexagonal C36 or
4H) [23]. C14, C15 and C36 are the Strukturicht Symbols, in which capital C represents AB,
type compounds [24]. The C14 and C15 structures are the most frequently encountered.
Polytypes based on these three structures also can be found in some intermetallics.

A atoms are much larger than the B atoms in Laves phases. Laves demonstrated that
in all AB; type compound the AA and the BB separation are smaller than the AB separation.
In the hard sphere model like atoms touch each other [25]. In practice, substitution of A sites
or B sites are often used to produced multiple phase alloys.

Some studies [5, 26,] demonstrated that the AB; type alloys consist of both C15 and
C14 Laves phases. Apart from the C14 and C15 structures, it is also quite common that this

material contains other bce and hexagonal phases [11].

i I S AT
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In this study, an alloy of AB; type having base on the Zr-Ti-Ni-Mn-V-Cr was
investigated. In previous X-ray powder diffraction study [27], the Rietveld refinement
analysis was been carried out for phase identification and phase abundance on our material.
The results indicated that these alloys consisted of two main phases, cubic C15 with lattice
parameter of a=7.031(1) A and hexagonal C14 phase with lattice parameter a=4.973(2) A,
¢=8.111(4) A. The CI15 structure belongs to the space group Fd3m (No0.227) and Pearson
symbol cF24 [28]; The C14 structure belongs to the same space group P63/mmc (No.194)
and Pearson symbol hP12 [28]. The C14 structure contains 12 atoms per unit cell and C15

contains 24 atoms.

Statement of Work

At the present, a wide variety of alloys with different compositions have been tested
and the synthesis and electrochemical activity of these alloys studied [29-37]. Most of the
work has concentrated on (i) preparing alloys of AB, type by using the arc-melting/annealing
and mechanical alloying/annealing techniques etc; (ii) determining the hydrogen
absorption/desorption behavior (pressure-composition isotherm as a function of temperature)
and (iii) evaluating their performance characteristics as hydride electrodes (charge/discharge,
capacity retention, cycle life, high rate capability).

The alloys of AB; type used for electrode manufacture are predominantly
polycrystalline and multiphase by design. It is generally accepted that the performance of the
batteries is closely related to the crystal characteristics and phase assemblage of the alloy.
The crystalline structure and occurrence of individual phases are sensitive to the alloy

composition. Therefore, a better understanding of the nature of the alloys, the condition of
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existence of each phase and the relationships between these phases is necessary. However,
little work has been done examining their physicochemical characteristics (morphology,
composition); no attempts have been made on characterizing and understanding the
microstructure of AB, type alloys using transmission electron microscopy thus far.

The purpose of this research was to study the nature of individual phases; the
condition of appearance of particular phases and the phase abundance and distribution of the
elements in the multiple phases using TEM. In this study, an emphasis was placed on the

powder prepared by HPGA in both as-atomized and heat treated condition.
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EXPERIMENTAL PROCEDURE

The specific alloy studied in this investigation is a multicomponent AB; type
hydrogen storage alloy based on the Zr-Ti-Ni-Mn-V-Cr system, with the Ti/Zr ratio being
approximately 1/3, and the Ni/Mn ratio being 7/3. Small amounts of Cr and V are added to
improve the alloy performance. The exact composition can not be given due to proprietary

restrictions. A list of the alloy powders examined in this study is found in Table 2.

Table 2. A list of powders investigated in this study.

Powder ID Preparation/Description

Chill Cast Chill cast ingot, starting material of HPGA

HDH Hydride-dehydride process; commercial available
HPGA High pressure gas atomization by Argon

HT Heat treatment at 985°C for 30minutes after HPGA

The HPGA powder was produced by the Ames Laboratory high pressure gas
atomization process. A large chill cast ingot was used as the starting material for the melt.
The powder was screened with wire mesh sieves into size class of diameter <45um. Some
powder was sealed in a quartz vial under an Ar atmosphere and subjected to heat treatment in
a box furnace at 985°C for 30 minutes in order to eliminate the composition segregation. The
annealing process was not to homogenize the microstructure and enhance crystalline
perfection, but to produce a partially crystallized microstructure which is claimed to improve

the properties of the AB; alloy [11]. The starting chill cast ingot was also crushed into small
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pieces and examined, as well as the commercialized HDH powder. The HDH powder was
prepared by the single reaction of hydrogen absorption and desorption, a hydride - dehydride
(HDH) process, to fracture a large ingot into smaller pieces.

X-ray diffraction (XRD) studies of the material were conducted using a Philips PW
1830 generator operated at 40 kV and 20 mA. Cu K, radiation (A = 1.5406A) was used in
XRD.

The SEM samples were prepared by mounting and polishing followed by a very thin
gold coating before examination. An Amray 1845 field emission SEM, equipped with an
Oxford 5478 energy dispersive X-ray spectrometer (EDS) unit, was employed to examine the
powder. An analysis of the morphology, composition and distribution of the elements in the
powder was made by EDS technique.

The TEM sample preparation of the HPGA material involved gluing powders onto a
200-mesh copper grid using epoxy. After the epoxy hardened the grids were mechanically
ground and dimpled to perforation followed by ion milling using 5 keV Ar ions in a Gatan
ion miller on the cold stage for 20 minutes or less. Ion milling for longer times was found to
cause the epoxy to smear across the sample. This method was time consuming but yielded
the best samples. TEM studies were performed using a Philips CM30 STEM equipped with
a liquid-nitrigen-cooled double tilt sample holder and an Oxford Link Analytical 5720 EDS
unit operating at 300KV. The microanalysis was performed with a 52nm (Full Width at Half
Maximum) diameter electron probe. Compositions (atomic%) were determined from the data
using the Cliff-Lorimer standardless ratio technique [38] in the software DTSA from the

National Institute of Health.
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EXPERIMENTAL RESULTS

X-ray Diffraction

The results of x-ray diffraction analysis on the powders are shown in Figure 2. As
seen in a previous study [27], the patterns are similar in that there are two main phases, C15
and C14, with the predominant phase being C14. However, some differences are apparent
between the scans of Figure 2. Peak broadening was seen in the XRD patterns of the HPGA
powder, indicating a smaller grain size and/or possibly the existence of strain in the material.
The HDH powder has several small peaks in the region 38-42° two-theta (circled). Phases

identified that produce peaks at these locations include ZrO and a Mn-Ni-Zr hydride [39].
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Figure 2. XRD Patterns obtained from material examined in this study.
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The HPGA powder has one extra peak present at 41.1° two-theta (arrowed). The heat treated
powder has no such extra peak, all those present belong to the C14 or C15 structures. The
peak width decreased upon heat treatment, indicating either grain coarsenings or strain

reduction.

Scanning Electron Microscopy

The microstructure of a cross-sectioned sample of the chill cast starting material is
shown in Figure 3a. The structure appears to consist primarily of large grains of a single
phase with an approximate composition Zry7Ti1oNig1 V4Mnj4Crs. SEM observations revealed
the existence of a few Sn-rich impurities in the chill cast ingot and in as-atomized powder.
These impurities exist as a scattering of small inclusions (circled). The EDS analysis reveals
the inclusions to be Sn rich with an approximate composition ZrysT112NizgMnsSny. The
extra peak in the XRD of as-atomized powder may be due to this Sn-rich phase.

The HDH particulate appears as irregular chunks of average size 20um (Figure 3b).
The overall scan shows that the main phase composition is close to Zr,gTigNizgVsMnysCrs.
In addition, a nearly 93% Zr was observed by EDS.

The HPGA material in the as-atomized condition consists of uniform spherical
powders of size —45um (Figure 4a). Cross-sectioned samples of the as-atomized powders,
Figure 4b, reveal a number of phases present in small amounts in the as-atomized condition.
These include: 1) the major phase with approximately composition ZragTigNizVsMny7Crs; 2)
large amounts of a phase with composition Zr3;Ti;3Nis3; 3) a minor phase with composition

ZrNiSn, and 4) occasional regions containing 95% Zr.
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Figure 3. a) The chill cast powder shows Sn rich inclusions (circled); b) The morphology of

the HDH powder shows irregular shape.

Figure 4. a) The as-atomized powder shows spherical shape; b) A cross-sectioned as-

atomized powder.

The surface morphology of the powders appears unaffected by the heat treatment
(Figure 5a). SEM/EDS analysis indicates that the heat treated powder is much more uniform
in microstructure (Figure 5b). The EDS overall scan indicates the same composition as the
nominal composition. There are some small particles scattered throughout the matrix; these

particles were also observed and analyzed using TEM.



Figure 5. a) Powder in heat treated condition; b) A cross-sectioned heat treated powder.

Transmission Electron Microscopy

TEM was used to investigate the microstructure of the HPGA material in both as-
atomized and heat treated condition. Figure 6 is a montage of TEM micrographs showing an
HPGA powder that was thinned sufficiently to enable the entire microstructure to be seen.
Figure 7a shows that the solidification structure is dendritic, with the dendrites having a
heavily faulted structure (Figure7b). The direction of the fault structure is consistent within
each individual dendrite arm, giving the false appearance that they are continuous across the
secondary arms through the interdendritic region. Selected Area Diffraction (SAD) patterns
from the faulted dendrites are shown in Figure 8. These patterns can be indexed as a
combination of the C14 and C15 structures. The software Desktop Microscopist was used to
generate the electron diffraction from the C14 and C15 phases. These computer generated
SAD patterns (also in Figure 8) are coincident with those taken on the TEM. The Orientation

Relationship (OR) between the two structures was determined to be (11 1)[1 To]as " (0001)[“50]

Cl4
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Figure 6. Montage of TEM micrographs showing the microstructure through one-half of an

as-atomized powder.
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The lattice constants were determined to be a=7.03A for C15 phase, while a=4.974, c=8.11A
for the C14 phase. This result is consistent with that from XRD study [27].

A second phase can be seen in the interdendritic regions, with the average width
being about 20nm (Figure 9a). Quantitative metallography shows 8% volume fraction of this
phase. Convergent beam electron diffraction (CBED) of the interdendritic structure showed
hexagonal symmetry (Figure 9b) and is identified as the C14 phase.

While not apparent in Figure 6, some powders exhibited small polycrystalline regions
(Figure 9c) scattered through out the sample. SAD patterns from this region (Figure 9d)
consist of a number of rings. The breadth of the diffraction rings makes precise measurement
of the d-spacing difficult. However, the d-spacings closely matched those of the C14 phase.

The d-spacings are listed in Table 3.

Figure 7. Microstructures of as-atomized powder: a) low magnification of dendrite region; b)

tilt orientation showing the faults within the dendrite arm.
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Figure 8. SAD patterns and the computer generated diffraction patterns (O: the diffraction
spots from C15; +: the diffraction spots from C14) from the dendritic region show a

combination of C14 and C15 structures): a) [111] zone; b) [011] zone; ¢) [112] zone.
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Figure 9. Microstructures of as-atomized powder. a) high mag showing the dendrite arm and
the interdendritic phase; b) CBED [0001] zone pattern from interdendritic region shows
hexagonal symmetry; c) typical polycrystalline region in the powder; d) diffraction rings

from the polycrystalline region.
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Table 3. The index of the diffraction rings of HPGA powder.

~RmgNo.  d-Spacing(A) _ Cld
1 3.802 (011)
2 3.009 (012)
3 2471 (110)
4 2.247 (013)
5 2.072 (112)
6 1.912 (022)
7 1.831 (014)
8 1.601 (121)

After heat treatment, the HPGA material showed several microstructure changes that
correlate with the XRD data shown earlier. The overall microstructure differed from those of
the as-atomized material although it still consisted of three distinct features or regions.
Firstly, the dendritic structure evident in HPGA powder was replaced by a large, fairly equi-
axed grain structure (Figure 10a), the average grain size being 1 pm. The large grains still
exhibited a faulted structure, as did the dendrites. However, the nature of the faults had
changed. They now were very defined and appeared as intercalation layers of C14 and CI5
phases within the grains, Figure 10b. The CBED patterns from Figure 10b are shown in
Figure 10c-d. The regions where these patterns were obtained are marked. The majority of
the grain consisted of the hexagonal C14 structure as shown in Figure 10c. When the beam
was placed on the intercalation layer marked as A the cubic C15 crystal structure was seen
(Figure 10d). These results clearly show that the grains themselves consist of both the C14
and C15 structures. The interdendritic phase no longer existed, being replaced by discrete,

roughly spherical particles scattered at the grain boundaries (arrowed in Figure 10e). These
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particles had an average diameter of 0.3um. One such particle is shown in Figure 10f.. The
polycrystalline region observed in the as-atomized material was still present (Figure 10f) in
some powder after heat treatment and the grains may have coarsened slightly. The SAD

patterns show that this region now consisted of both C14 and C15 structures (Table 4).
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g.
Figure 10. Powder in the heat treated condition. a) Equi-axed grains; b) The intercalation
layers in the heat treated powder; ¢) The CBED pattern from region B; d) The CBED pattern
from the region A; e) Particles at a grain boundary triple point; f) A high magnification
image of a particular particle; g) the polycrystalline region in the heat treated powder; h) the

diffraction rings from the polycrystalline region;
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Table 4. The index of the diffraction rings of heat treated powder.

Ring No. d- Spacing (A) Cl4 C15
1 2.908 (012) N

2 2.563 (110) N

3 2203 (020) N

4 1765 N (004)
5 1.617 N (133)
6 1.504 (122) N

Phase Composition

The EDS measurements indicate that in the multi-phase alloys each region has a
specific composition, which is different from the bulk stoichiometry. The EDS spectra
obtained using the TEM for as-atomized and heat treated powder are shown in Figure 11.
Only K lines are labeled in these spectra. An accelerating voltage of 300 kV and a probe
diameter of 52 nm maximum (smaller than the size of the phases examined) was used for all
scans. Note that the relative amounts of Zr, Ti, V, Mn and Cr changes, with the
interdendritic phase being depleted in V, Cr and Mn and enriched in Ti and possibly Zr. The
amount of Ni remains approximately the same in both regions. The quantative EDS results
are listed in Table 5. The composition of the faulted grains in the heat treated powder is near
that of the as-atomized powder. However, a large difference is observed between the
particles scattered on the grain boundaries and the interdendritic phase, from whence they
presumably originated. The particles are rich in Zr and Ni and depleted in the remaining

elements. A spectrum obtained from one such particle is shown in Figure 11c.
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Figure 11. EDS spectra from a) Large faulted dendrites of as-atomized powder; b)
Interdendritic regions in as-atomized material; ¢) Spherical particles in heat treated material;

d) Grains of the heat treated powder.
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Table 5. The EDS quantitative result of different regions in as-atomized powder*.

Examined Elements Concentration (at%)
Region Zr Ti Ni Mn \4 Cr
Dendrite 9.67 12.71 33.98 23.63 9.70 10.31

Interdendrite  12.37 20.29 34.15 19.13 4.86 6.49

*The exact number can not be given due to proprietary restrictions
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DISCUSSION

Heat Treatment Effect

Many phases were observed in the HPGA powder using the SEM but no evidence
was seen of their existence in the XRD data. There are several possible explanations for this.
The phases seen in the SEM might be composition variations of the C14 and C15 structures
noted in the XRD data. Many of the peaks for these structures overlap, as do peaks for the
C36 Laves phase structure. It is also possible that the phases detected using SEM comprise a
small volume percentage of the whole sample. Depending on the structure factor, as much as
5-10% impurity levels can exist in XRD samples without significant diffraction being
detected. There is no evidence from the TEM work of phases existing in the as-atomized
powder that may account for the extra peak. However, only a limited amount of material can
be examined in the TEM, so this is not surprising.

The TEM studies indicate that a polycrystalline region coexists with the main phases
in the atomized powder. During gas atomization, the liquid alloy was sprayed and quenched
by Argon in the moment of leaving the nozzle, and the solidification rate is normally over
1000°C s™". It is possible that a polycrystalline layer might exist on the particle surface due
to such a high solidification rate, similar to a chill region in a cast ingot. The number of
powders observed in TEM containing the polycrystalline region was relatively low, so it is
assumed to have little or no effect on the hydrogen storage properties of the material.

Upon heat treatment the interdendritic phase seen in the as-atomized material appears
to be substantially consumed in a reaction with the existing dendrite. This reaction has two

results. Firstly, the fault structure that exists within the grains becomes more defined and
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appears as layers within the grains. Distinct C14 and C15 phase regions were not seen in the
TEM samples, rather the observed layers are believed to be intercalation layers consisting of
alternating C15 and C14 structures were observed. Secondly, a new phase rich in Zr and Ni
appears in the form of spherical particles present at the grain boundaries. The small number
of Zr/Ni rich particles that remain after the heat treatment would result from the development
of the intercalation layers since slight changes in composition are necessary to accommodate
the alternating structure observed. Finally, the polycrystalline region, lightly coarsened, now
consists of a mixture of both the C15 and C14 phases. The effect the polycrystalline region
on the above reaction is believed to be negligible.

It is claimed [40] that some electrochemical properties of the AB, materials are
improved upon heat treatment. The improvement after heat treatment has been explained by
the improvement of the crystallization of the powder and variation of the atomized powder
surface. The increase in C14 phase volume has also been suggested as another contributing
factor, because the larger tetragonal interstitial site (TIS) in the C14 hexagonal structure is

beneficial to hydrogen storage capacity [37].

Crystallography and Orientation Relationship

The Laves phases are closed-packed and closely related to one another. The real
lattices of Laves phase variants C14, C15 and C36 are shown in Figure 12. In order to
illustrate clearly the three structures in terms of stacking of hexagonal layers in Laves phases
structures, the C15 structure is displayed along the [111] direction of the cubic unit cell,
while the C14 and C36 structure are shown along the [0001] directions. The atomic

structures (coordination polyhedra) in these Laves phases show a marked similarity [41]): A is
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Figure 12. The (a) C15, (b) C36 and (c) C14 crystal structure (after [41]); (d) Alternation of
single layers with triple layers and also of large L and small S atoms (after [42]). L"

represents the A atoms above the B atom plane, L™ represents the A atoms below that plane.
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surrounded by 4 A and 12 B atoms and B is surrounded by 6 A and 6 B atoms; the nearest
neighbor distances are also identical in the three structures. However, these structures differ
in the stacking sequences.

In Laves phase structures, each stacking layer consists of an interpenetrating single
layer of small atoms and a triple layer [Figure 12d] in two variants, and thus they are called
quadruple layers. These layers form the basal planes of the crystal structures and may be
shifted by three Burgers type vectors relative to each other that can be labelled X, Y, Z. For
each layer two variants exist, e.g. X and X’ which are twin related. The layers stacked
sequentially follow a certain stacking rule [43]: above a plain layer, the stacking sequence is
XYZ; above a primed layer, the sequence is XZY. According to this rule, various ordered
structures can be obtained depending on their stacking sequence. The full stacking sequences

can be expressed as:

Cl4 (2H) M;;cﬂ_iﬁf...;
C15 (3C) ““;‘c ﬁBf“ VCZY”
C36 (4H) ahac pBfa aAob yCb

X Y X Z

The Greek letters denote the layers containing large A atoms, the Latin letters denote
layers containing small B atoms and X, Y, Z represents the possible stacking sequences for
the four layer groups. This stacking sequences leads to values of axial ratios in the
proportions 2 : 3 : 4 for C14 : C15 : C36. Referring to Figure 13 and lattice constants of our
materials, these axial ratio produce real lattice distances of = 84, 12A and 16A respectively.

Other polytypes with longer periodicity also exist, e.g.5SR with sequence XYZX’Z, 6H with
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XYZY’XY’ etc. These structures can be considered as containing various shorter
periodicity stacking structures, for instance, 16H=4H+4H+4H+2H+2H. The structures of
various Laves phase types are so similar that they can easily shift from one to another with
only minor changes in composition.

A simple calculation will give a clue that the C14 and C15 in our materials are highly

related. The adjacent quadruple layers spacing is:

dcis =ax g =7.031A x ? =4.059A for the C15 structure;

c 8.111A
dcis =E:

=4.056A for the C14 structure.

These two values are nearly equal. (Lattice constants were after [27]).
The superimposed stereograms (Figure 13) of the two structures illustrate the good
orientation relationship that exists between them. The orientation relationship between the

two structures was determined to be (111)[1T0]C15 //(0001)[1150]C“. The same orientation

relationship between the C15 and C14 Laves phases was also observed in a Zr-Mn-V-Ni AB»
type alloy [44]. Therefore, close parallel exists between the two crystal systems, i.e. the
close-packed planes in one crystal are parallel with those in the other crystal. This, along
with the almost identical lattice constants, implies an easy transition between the two phases.
Figure 13 is a high resolution TEM micrograph showing a particular grain. The
intercalation layers are clearly seen and can be measured. Three different layers can be
identified having spacing 8A, 12A and 16A. Thus, it appears that rather than a simple
structure consisting of C14 and C15 structures, several possible structure types can coexist.

While the major phase is C14, the C15 and C36 structures are also present in minor amounts.
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Figure 13. The composite stereogram for the C15 (O) and C14 (®) (c¢/a=1.631).
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Figure 13. A high resolution image of heat treated powder shows C14 and C15 intercalation

layers and C36 layer.

Mechanism

A similar prevalence of stacking faults on the close-packed layers formed by f.c.c.<>
h.c.p transformations have been found to occur in pure cobalt and cobalt based alloys such as
CoNi and CoFe. Since the (111) planes in the f.c.c. phase and the basal planes (0001) in the
h.c.p. phase have the same configuration of the atoms, Burgers [45] associated the fault
structure with the hetergeneous shear of the transformation. This mechanism involves a

lattice shear resulting from the glide of Shockley-type partial dislocations on the system

(11 1)[T TZ]. This motion shifts the entire crystal above the glide plane by the vector é[T 12|

and produces an intrinsic stacking fault in the f.c.c. structure, i.e. a h.c.p. layer. This shear
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only occurs on alternate planes and so converts the XYZ ... sequence of the (111) planes in
the f.c.c. structure to the XY... sequence of basal planes in the h.c.p. structure.

Because the crystal relationship between the C14 and C15 structures is analogous to
that between the f.c.c. and h.c.p., the ordinary shear mechanism can be used to explain the
transition. However, the ordinary shear was claimed to occur with difficulty in Laves phases
and a synchroshear mechanism was proposed by Hazzledine et al [42]. A synchroshockley
partial dislocation consists of two ordinary Shockleys with different Burgers vectors gliding
on two separate slip planes only 0.5 A apart. According to this theory, the transformation of

C14/C15 occurs if a synchroshockley glides through alternate triple layers.
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Figure 16. Schematic of the transition between the C15 and C14 can be achieved by

synchroshear (indicated by steps) on every other triple layers (after [42]).
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The transitions between the Laves phases are sluggish at room temperature. During
the heat treatment, however, the synchroshockley glide become more mobile and the
transition between the Laves phases becames considerable easier. In addition, vacancies
introduced in Laves phases at high temperature may assist the movement of synchroshockley
dislocations [46].

The formation of the faulted structure seen in the heat treated sample fits well with
the synchroshockley glide mechanism. The conditions of increased number of vacancies and
increased mobility at elevated temperature are both satisfied during heat treatment.

There might possibly be a diffusion component assisting the formation of the
observed faults. TEM observations have shown that as the faulted structure develops during
heat treatment, the interdendritic region is consumed. EDS studies also showed that the
composition of the interdendritic region differs from that of the grain boundary particles.
Thus, diffusion is clearly occurring. As the interdendritic region is consumed by grain
growth, diffusion along the length of the faults might occur rapidly during heat treatment.
This may result in slight shifts in composition in the region of faults that will affect the
stability of the observed phase. More work needs to be done to determine exactly what
occurs during heat treatment. However, as the following section shows, phase stability is

affected by composition variations.

Phase Stability

For the C14 interdendritic phase, the axial ratio c/a is about 1.631, very close to the
ideal value+/8/+/3 = 1.633 according to the hard sphere model and within the range 1.63 and

1.65 as reported in the literature for the AB, type alloys with the C14 type structure [47].

PR A S N
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The dendritic regions in the as-atomized powder are heavily faulted because the composition
and the temperature is such that the C14 and C15 structures (and possibly other longer period
structures) of the same composition of differing stacking arrangement have equal free
energy.

In the HPGA process, the AB; type intermetallic alloy melt cooled into a region
where the C14 and the C15 structures are equally stable with the structure susceptible to
faulting. This was manifested by the appearance of a heavily faulted structure rather than
discrete regions of C15 and C14 structures. Due to the rapid solidification, the structure was
retained in the HPGA process. Upon subsequent heat treatment, the C15 structure primarily
decomposes to the C14 structure, although it and the higher order C36 structure still exist as
intercalation layers. The way in which the interdendritic phase is consumed suggests that
this is accomplished by small changes in the chemical composition of the faulted grains.

The Laves phases are considered size compounds because the existence of a
particular laves phase is governed by an atomic size relationship between the component
elements. A ra/rg range of 1.05-1.67 is typically observed for Laves phases; outside this
range, no Laves phases exists [48]. The essential factor appears to be that the ideal atomic
radii ratio ra/rg of the participating atoms is 1.225 [49]. The atoms forming the phases tend
to adjust in size to accommodate this ideal space-filling (1.225) in the Laves phase lattices.
In this way a high packing density is achieved, which corresponding to an average
coordination number of 13.3 [49] and a packing efficiency of 0.72 [50]. For the Laves-phase
in the Zr-Ti-V-Ni system it was reported [51] that the C14 structure predominated when the

ratio ra/rg was less than 1.225. For larger values the C15 predominated.
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In this study, the atom size factor ra/rg was calculated and the results compared to the
ideal atomic radii ratio to determine whether C14 or C15 should be favored. For these
calculations, the Goldschmidt radius was used in order to be consistent with previous
geometrical studies on the stability and appearance of Laves phases. The Goldschmidt radiis
[52] of the elements in our materials are listed in Table 6.

Using the at% of Zr and Ti in the starting material for A and the nominal values of
Ni, Mn, V and Cr for B radii for the system studied, the average Goldschmidt radius of A

atoms and B atoms is:

N1 x (at.%),

r, = =20 = 1.50A
Y (anw),

i=2Zr,Ti

Y. 1 x (at.%),

i=Ni,Mn,V,Cr R
ry = SN =1.23A
’ Y (at.%),

i=Ni,Mn,V,Cr

Therefore, the atomic size ratio is: ra/rg = 1.50/1.23 = 1.22.

This result indicates that the composition of starting material is favorable to the Laves
phase formation. However, since the value is so near the ideal 1.225, the C14 and C15
structures appear equally likely, assuming the alloy studied behaves similarly to the alloy of
[51]. Thus, atomic radii ratio calculations alone can not be used to determine whether the

C14 or C15 is the more stable structure.
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When the atomic size factors are inconclusive, the electron concentration e/a has been
identified as an important parameter in controlling the relative stability of the different Laves
phase structures. The electron concentration e/a is defined as the average electron number
per atom outside the closed shell of the component atoms.

The pioneer work of Laves and Witte [53, 54] on the effect of electron concentration
on the stability of Laves phase alloys demonstrated that for several Mg-based systems alloy
systems, the C15, C36 and C14 type Laves phase exist in order with increasing e/a. In their
study the valence electron concentration was used to relate the crystal structure. Liu etc. [55,
56] have studied a number of binary Cr-X and Nb-X and ternary Nb- Cr-X alloys (the X
denote transition-metal elements). They concluded that the average electron concentration
e/a determines the phase stability of the NbCr,-based transition-metal Laves phase. With e/a
< 5.76, the C15 structure is stabilized while the C14 structure is stable with a e/a range of
5.88-7.53. The C15 will be stabilized again with e/a > 7.65. Further increasing electron
concentration (e/a > 8) will result in the disordering of the alloy.

In this study, all elements that form the Laves Phases are transition metals.
Therefore, for each element, the e/a ratio is simply the sum of the s electrons and d electrons
outside its inert gas shell. The electron concentration of various transition elements used in
the AB, type alloy of this study can be found in Table 6. We can calculate the average

electron concentration for this material according to Liu’s equation [55]:

(1) e = 2| (€1 @) x(at. %)

]
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Using this equation for the as-atomized material, we obtain (e/a)p.x=6.91. If we
consider the dendritic and interdentritic regions separately, based on the composition as
determined by EDS analysis, the electron concentration for these regions are: (€/a)qendritic=
6.69, (e/a)interdendritic =7.05 respectively. If we accept Liu’s conclusion that the C14 structure
is stable with e/a range of 5.88-7.53, we can conclude once again that the C14 is the stable
phase for both dendritic and interdendritic structures. The fact that C15 is seen in the HPGA
powder indicates that the faulted structure of the dendritic region is metastable and exists due
to the high solidification rate.

The average electron concentration is a simple and useful concept. According to the
criteria, the change in the concentration of any element may result in a crystal structure
change and a change in the stability between the C14 and C15 phases in the multiple phase
alloys. Therefore, based on this concept, we can adjust the composition to obtain desired

phases and materials performance.

Table 6. The Goldschmidt radius and the electron concentration of the elements.

Elements Atomic No.  Goldschmidt Radius(A) Electronic Structure  e/a

Zr 40 1.60 Kr 4d?5s 4
Ti 22 1.47 Ar 3d%4s’ 4
Ni 28 1.25 Ar 3d%s? 10
Mn 25 1.12 Ar 3d°4s’ 7
\% 23 1.36 Ar 3d%4s° 5

Cr 24 1.28 Ar 3d°4s! 6
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Recommendations for Future Work

Some studies [57, 58] pointed out that C36 might exist as intermediate phases
between the C14 and C15. Several stacking variants may exist in a narrow e/a range,
confirming that small compositional changes can destabilize or stabilize the structures.
However, no complete analysis has been given for this material. Faults that appear to be the
C36 structure were found in this investigation. Additional studies are required in order to
fully understand the role of this intermediate phase and its effect on the electrochemical
performance. In addition, a further study on the powder with a prolonged heat treatment is

needed to confirm the stability of the phases.
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CONCLUSIONS

A proprietary and multicomponent AB, type alloy produced by HPGA were
examined using XRD, SEM and TEM. The results can be summarized as follows:

First, the as-atomized powders possessed a dendritic growth microstructure. The
dendrite consists of cubic C15 and hexagonal C14 structures and the arms are separated by
an interdendritic region having the C14 structure. The C15 has lattice constant a=7.03A and
C14 has lattice constant a=4.97A, c=8.11A, which are consistent with Rietveld refinement
analysis. The orientation relationship between the C14 and the C15 was determined to be

(11)[170] s //(0001)[115_0]04. A polycrystalline region also exists in as-atomized powder,

consisting of the C14 structure. This region is believed to be a chill zone on the surface of
some powder that results from the rapid cooling.

Secondly, upon heat treatment the powder showed a change in appearance of the fault
structure within the large grains. The grains appear to be equi-axed and the faults defined
themselves into distinct layers of C1, C15 and possibly C36 structures within the grains. The
interdendritic phase is consumed during heat treatment, leaving behind small particles rich in
Zr and Ni scattering on the grain boundary. The region of fine grains changed to a mixture
of C14 and C15 structures.

From these observations we can draw the following conclusions:

1. The orientation relationship between the C14 and the C15 was determined to be
(111 7o] _//(0001)[1120] -

2. The C14 structure is the stable phase based on the discussion of the electron

concentration.
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3. The faulted structure of the dendritic regions in HPGA powder and in the heat
treated grains is able to exist as discrete C14 and C15 layers due to the similarity
of the C14 and C135 structures.

4. This implies that although C14 is stable phase, the remarkable similarity in crystal
structures of various Laves phase types makes transitions from one to another
fairly easy. Small composition fluctuations may affect the phase stability, causing

the transition from one phase to the other to occur.
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