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Abstract: The microstructures of two metal hydride (MH) alloys, a ZryNijg based Tij5ZrsNisg
and a C14 Laves phase based TipZrp1 5V10Nizs 2Crs 5Mn13 4Sng 3C0, 0Alg 4, were studied using the
electron backscatter diffraction (EBSD) technique. The first alloy was found to be composed of
completely aligned ZryNijg grains with a ZrO, secondary phase randomly scattered throughout
and a C15 secondary phase precipitated along the grain boundary. Two sets of orientation
alignments were found between the ZryNijy grains and the C15 phase: (001)z7ni10a//(110)c15
and [100]z:7ni104 / /[011]c15, and (Oﬂ)ZrmilgB/ /(100)c15 and [100]zi7ni108/ /[313]c1s. The grain
growth direction is close to [313]z7ni108/ /[111]c15. The second alloy is predominated by a C14
phase, as observed from X-ray diffraction analysis. Both the matrix and dendrite seen through
a scanning electron microscope arise from the same C14 structure with a similar chemical
composition, but different orientations, as the matrix with the secondary phases in the form of
intervening ZryNiyg/Zr9Nij1 /(Zr,Ni)Ti needle-like phase coated with a thin layer of C15 phase.
The crystallographic orientation of the C15 phase is in alignment with the neighboring C14 phase,
with the following relationships: (111)¢15//(0001)c14 and [110]c15/ /[1120]c14. The alignments in
crystallographic orientations among the phases in these two multi-phase MH alloys confirm the
cleanliness of the interface (free of amorphous region), which is necessary for the hydrogen-storage
synergetic effects in both gaseous phase reaction and electrochemistry.

Keywords: hydrogen absorbing materials; transition metal alloys; metal hydride (MH); transmission
electron microscope; C14 Laves phase

1. Introduction

Nickel/metal hydride (Ni/MH) batteries have been the choice of energy storage medium for
powering hybrid electric vehicles (HEVs) over the past fifteen years due to their unmatched safety
record and durable cycle life. Facing challenges from other emerging battery technologies, further
improvement in Ni/MH battery performance is needed, especially with regard to energy density.
While potential improvement in the positive electrode (nickel hydroxide) is limited, the hope of
improving the energy density falls to the negative electrode. Laves phase based metal hydride
(MH) AB, alloys have a great potential in gravimetric specific energy, compared to currently used
ABs alloys [1-5]. A Mn-rich AB, MH alloy (Tip9Zry1Mn; ¢Nig 4) with the electrochemical capacity
of 438 mAh- g’l after 150 formation cycles has been reported [6]. Another Ni-rich AB, MH alloy,
Tig.62Z10.38 V0.41Cro.30Mng 36Nig g9, exhibited a discharge capacity of 424 mAh- g~ after activation in
a 30% KOH bath at 110 °C for 4.5 h [7]. These capacity values are 40% higher than the 320 mAh- g~!
found in commercially available AB5 alloys. Although higher in energy density, Laves phase based
AB; MH alloys have lower nickel content in their chemical compositions due to the lower B/A
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ratio of 2, compared to 5 for ABs alloys. This deficiency in nickel makes AB, less catalytic in
electrochemical reactions [8]. One way to improve the electrochemical performance in AB, alloys is
through the introduction of minor secondary phases. Through synergetic effects between neighboring
phases, the electrochemical properties of the multi-phase AB; alloys can be much improved [9-12].
Therefore, investigation of the primary/secondary phase interactions can provide very important
insight in this area. We have previously reported results from studies of the synergetic effects in gaseous
phase hydrogen storage [13], electrochemical charge/discharge [14], and a comparison between the
two [15]. In both gaseous phase and electrochemistry, a “coherent” interface (free from amorphous,
highly defective, and other interruptive region in between two different phases) was proposed to
diffuse hydrogen and protons, and transfer stress from the hydrogenated side to the un-hydrogenated
side (Figure 1). A few analytical works have been used to study the microstructure of the interface
between the matrix and minor phases. Akiba and Iba [16,17] reported a microstructure between C14
and body-centered-cubic (bcc) phases by scanning electron microscopy (SEM). Chen and her coworkers
reported the alignment in crystallographic orientations between the C15 and bcc phases [18]. Song and
his coworkers [19-21] reported the microstructures among the C14, C15, (Zr,Ti)Ni, and Zr9Nij; phases.
Shi and his coworkers [22] reported the crystallographic orientation alignment between the C14
and C15 phases. In addition, C14, face-centered-cubic (fcc), and bcc phases were also examined by
Shibuya et al. [23]. The microstructures of the secondary phases in AB, MH alloys, including Zr7Nij,
Zr9Niyp, and TiNi, were studied by SEM and transmission electron microscopy (TEM) by Boettinger,
Bendersky, and their coworkers [24,25].
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Figure 1. Schematic diagrams showing a coherent interface between the M; (blue balls) and M,
(red balls) phases at the stages of (a) no hydrogen; (b) M; partially hydrided and the metal («)-metal
hydride (MH, ) phase boundary carrying the high-stress; and (c) M; completely hydrided and
the M, lattice expanded due to the stress from the M; side, which facilitates the entrance of
hydrogen (green dot) to enter the M, side, an incoherent interface at the stage of (d) no hydrogen;
(e) M1 with mixed « and B phases; and (f) M; in the  phase and M, in the a phase, and
pressure-concentration-temperature (PCT) isotherms corresponding to a multi-phase MH alloy with (g)
a coherent interface (a—c) and (h) an incoherent interface (d—f). P; and P; are the equilibrium pressures
for the M; and M, phases, respectively. Forward and backward arrows represent absorption and
desorption isotherms, respectively. While (g) PCT isotherm can be found in most of the AB, multi-phase
MH alloys with strong synergetic effects from secondary phases ([26], for instance), (h) isotherm can be
found in a discrete system such as Mgy Ni and Ni mixture [27].



Batteries 2016, 2, 26 30f13

Electron backscatter diffraction (EBSD), also known as backscatter Kikuchi diffraction or
orientation imaging microscopy (OIM), is a microstructural-crystallographic technique that examines
the crystallographic orientation of the constituent phases in a polycrystalline material. Combined with
information of the chemical composition from X-ray energy dispersive spectroscopy (EDS), the
capabilities of both techniques can be enhanced, including insight into the microstructure study
of grains with mixed compositions and orientations [28]. In the past, we had employed EBSD in
a study of ZryNijg based MH alloys [29], but the details regarding the crystallographic orientations
were not discussed. We have also employed this technique to show the clean grain boundary in the
C14/bcc multi-phase MH alloys [30]. In this paper, we further explore the strength of EBSD to study
the crystallographic connection between the main and secondary phases of two MH alloys.

2. Experimental Setup

Ingot samples were prepared by induction melting under an argon atmosphere in a 2 kg induction
melting furnace using an MgAl,Oy crucible, an alumina tundish, and a steel pancake-shaped mold.
A Philips X'Pert Pro X-ray diffractometer (XRD, Philips, Amsterdam, The Netherlands) was used to
study the constituent phases in the samples. A piece of the ingot was cut off and went through a series
of mechanical polishes. Final polishing was conducted by soaking the sample in a 0.05 um silica
colloidal suspension for several hours. It has been demonstrated that samples mechanically polished
in this way show high quality Kikuchi patterns obtained by EBSD. The sample was observed using
a backscattered electron (BSE) detector to show the contrast of different phases under a Hitachi 5-2400
SEM (Hitachi High-Technologies Corp., Tokyo, Japan) equipped with EDS (EDAX Inc., Mahwah, NJ,
USA) and EBSD/OIM systems. Diffraction patterns (Kikuchi patterns) were obtained by the EBSD
system, which was attached to the SEM. The EBSD system was made by HKL Technology (Hobro,
Denmark, now merged with Oxford Instruments, Inc., Abingdon, UK). The C14 phase exhibited
an MgZn; type crystal structure with space group P63/mmc (#194), while C15 phase has the MgCu,
type crystal structure with space group Fd3m (#227). Acquired using the EBSD pattern acquisition
Software Flamenco 5.0 (Oxford Instruments Inc., Abingdon, UK), the computer simulated EBSD
patterns for the C14 and C15 crystal structures are illustrated in Figures 2 and 3, respectively. The main
differences between the two sets of EBSD patterns are: a four-fold symmetry exists in the (100) pole
of the C15 (cubic) structure (Figure 3a) but not in the C14 (hexagonal) structure; [110] bands near the
(110) pole of the C15 structure (yellow lines connecting poles (110) and (111) in Figure 3b) but not in
the equivalent (1100) plane in the C14 structure (Figure 2b); and [313] bands near the (111) pole of the
C15 structure (pink lines connecting poles (231) and (332) in Figure 3c) but not in the equivalent (0001)
projection in the C14 structure (Figure 2a). The operating voltage was 25 kV. Local chemical compositions
were analyzed by EDS. Statistical analysis on the microstructure was performed by using “Scion Image”,
which is the PC version of the free software “NIH Image” (Scion Corp., Frederick, MD, USA) [31].

(b)

Figure 2. Computer generated electron backscatter diffraction (EBSD) patterns for: (a) (0001); (b) (1100);
and (c) (1120) surfaces of a C14 (hexagonal) crystal structure.
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Figure 3. Computer generated EBSD patterns for: (a) (001); (b) (110); and (c) (111) surfaces of a C15
(cubic) crystal structure.

3. Results

Two multi-phase MH alloys were chosen for this study. Their structures and hydrogen storage
properties are summarized in Table 1 based on previous studies [29,32]. The first alloy (ZNO06) is
from a ZryNijy based alloy family targeted to increase storage capacities [29]. The second alloy
(AB2#2) is from a group of 33 high-performance AB; alloys prepared for composition optimization [32].
Although these alloys are not the most optimized, their simpler structures make them better candidates
for the EBSD studies.

Table 1. Chemical compositions and hydrogen storage properties of two alloys used in this study.
Compositions are in at%. High-rate dischargeability is defined as the ratio of the discharge capacities
obtained from C/7 and C/70 rates in a half-cell configuration.

Allo Major Minor Gaseous Phase Electrochemical High-Rate
Y Phase Phase(s) Storage @30 °C (wt%)  Capacity (mAh-g~!)  Dischargeability
ZNO06  ZryNij C15 1.12 186 0.74
C15, Zr7Ni10,
AB2#2 C14 ZroNiy, ZeNi 1.66 384 0.98

3.1. ZryNiqo-Based Alloy

The ZNO6 (Tij5ZrNisg) alloy from a previous study on TiyZr;_,Nijg MH alloys [29] was chosen
for further structural studies using the EBSD technique. XRD analysis indicates an orthorhombic
Zr7Nijp main phase and a C15 secondary phase (Figure 1 in [29]) in ZN06. A representative SEM-BSE
image from the ZNO06 alloy is shown in Figure 4. The main matrix showing different gray scale contrast
is the Z;Nijg phase. The dark areas at the grain boundary and black boulders are C15 and ZrO,
phases, respectively. The chemical compositions in the numbered areas (main matrix) in Figure 4
were analyzed by EDS and the results are listed in Table 2. The EDS technique is generally considered
as only a semi-quantitative analytic tool and the results have to be interpreted carefully. The B/A
ratios obtained using EDS (1.22-1.24) are well lower than the ideal ZryNij( stoichiometry (B/A = 1.43).
The composition range of ZryNij in the Zr-Ni binary phase diagram includes Zr content from 0.41 to
0.45, which corresponds to a B/ A ratio of 1.22-1.44. The B/ A ratios found in this study lie near the
low end of the allowable solubility of the Zr;Nijy phase. Small variations in the compositions listed in
Table 2 can be observed. The standard deviation in % for Ti, Zr, and Ni-contents are 2.1, 1.0, and 0.24,
respectively. Most of the deviations are in the A-site atoms, especially for Ti. The variation in contrasts,
as seen from the BSE image in Figure 4, is electron channeling contrast (ECC) due to the different
orientations of the grains. The difference in orientation of the grain is sometimes very little, but, due to
diffraction, can cause very different contrast, even due to mis-orientation between sub-grains. In order
to confirm the source of the contrast, EBSD patterns were taken from an area with laminated layers
exhibiting various BSE contrasts, as shown in Figure 5. The crystallographic orientations of these areas
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align very well, which includes the possibility of the contrast originating from different orientations.
A typical EBSD pattern and a computer generated index from a ZryNijo phase are present in Figure 6
for reference.

Figure 4. A scanning electron microscopy (SEM)-backscattered electron (BSE) micrograph from the
ZNO06 alloy. The main matrix, black phase in the grain boundary, and black boulders correspond to the
Zr7Nijg, C15, and ZrO, phases. The chemical compositions in the numbered areas were analyzed by
X-ray energy dispersive spectroscopy (EDS) and the results are listed in Table 2.

Table 2. Chemical compositions as measured by EDS in different areas shown in Figure 4 (in at%).

Location Ti Zr Ni B/A Ratio
1 12.65 32.30 55.05 1.224
2 12.83 31.76 55.40 1.242
3 12.75 31.88 55.37 1.241
4 12.44 3243 55.13 1.229
5 12.08 32.65 55.26 1.235
Standard deviation (%) 2.1 1.0 0.24 0.55

Figure 5. EBSD patterns of 12 different spots on a ZN06 alloy sample showing the crystallographic
orientations of all the studied Zr;Nij( grains are well aligned.
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Figure 6. (a) A typical EBSD pattern; and (b) a computer generated index from a ZryNij( phase.

The SEM micrograph, together with the four EBSD patterns from two Zr;Nijo phases, one C15
phase, and one ZrO; phase are shown in Figure 5 in [29]. Eight more EBSD patterns from the Zr;Nij
phase in the same area are presented in Figure 7. The Zr;Nijo phase has an orthorhombic structure
with space group Cmca (#64). There are three distinctive orientations (A, B, and C) for the Zr;Nij
phase as shown in Figure 7. The orientations A and B deviate by only approximately 5° and the
crystallographic orientation alignment between A and C is (293)0rientation A/ 7 (011)Oientation ¢ and
[313]orientation A/ / [111]0rientation - The alignments in the crystallographic orientation of Zr;Nijg and
C15 phases in Figure 5 in [29] are (011) z7ni108/ / (100)c15 and [100]z:7ni108/ /[313]c15, and (001)ze7nitoc
// (110)c15 and [100]z7nit0c/ /[011]c15. The grain growth direction projected on the plane is close to:
[313]ze7nit08/ /[111]c15.

Figure 7. EBSD patterns at 10 different spots on a ZNO06 alloy sample with three major crystallographic
orientations (A, B, and C) and one minor crystallographic orientation with a small angle grain boundary
(A) present in ZryNijg grains.
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From the crystallographic orientation alignments among Zr7Nijg phases and between the Zr;Nij
and C15 phases, the following solidification sequence is thought to occur during cooling. A Zr7Nij
phase with the average composition in the liquid is solidified congruently first, and then the Ni-rich
C15 phase (average composition of TijyZrygNigz [29]) is formed at the grain boundary as a solid
reaction, resulting in the Zr7Nijg phase being pushed to be hypo-stoichiometric (average composition
of Tiy5Zry8Nisy [29]). This is different from the C14-C15-B2 solidification sequence found in the Ti-Zr-Ni
alloy, which is closer to B/A ~ 2.0 [24].

3.2. Laves Phase Based AB; Alloy

A Laves phase based AB; alloy with the composition TijpZrp1 5V19Nize 2Cra 5Mn13 Sng 3C02,0Alg 4
from a previous study (Alloy #2 in [32]) was chosen for the EBSD study. The B/A in this alloy is
1.99. The XRD pattern of this alloy (shown in Figure 1b in [32]) shows it is C14-dominant. SEM-BSE
images of the same alloy at different magnifications, shown in Figure 8, also reveal the same dendritic
microstructure. Through careful and long-time mechanical polishing with 0.05 um silica colloidal, the
sample surface is almost free of lattice distortion caused by deformations from mechanical polishing.
In addition to the Z-contrast shown in [32], ECC becomes available. This is because the BSE signals due
to ECC are from the top surface of the sample. The different contrasts shown in Figure 8 are channeling
contrasts representing the mis-orientation of different dendritic crystals. Therefore, the additional
contrast observed in Figure 8b is from the crystallographic mis-orientation. In addition to the contrast
from dendritic microstructures in Figure 8b, a different type of area can be found, as indicated by the
arrows (Figure 8b). Figure 8c shows a magnified image of a similar area, where needle-like phases
can be seen. The average chemical compositions of these areas, as measured by EDS are listed in
Table 3. The composition of the grey and dark areas are very similar. For example, the difference in
Ni content is 1.9%, which is lower than the 4.5% in Ni content between the phases identified in [32].
From the ratio of A site atoms (Ti and Zr) and B site atoms (V, Cr, Mn, Co, and Ni), both the grey
and dark areas approach an AB, stoichiometry, while the needle-like secondary phase is closer to
AyBg. There is no known intermetallic phase among the constituent elements matching an A;Bg
stoichiometry, and, therefore, it can be considered as a mixture of a few possible intermetallic alloys.
From a separate TEM study, it was found that this needle-like secondary phase was first solidified into
a B2 structure and then decomposed into ZryNij, ZrgNijq, TiNi, and ZrNi phases through a solid-state
chemical reaction [25]. By statistical analysis, the abundance of this mixture area is about 4.3% by
volume fraction.

(@) (b)

Figure 8. SEM-BSE micrographs from Alloy #2 at different magnifications. The scale bars represent:
(a) 500 um; (b) 100 pm; and (c) 10 um.

Table 3. Chemical compositions measured by EDS in different areas in Figure 8c (in at%).

Region Ti Zr \% Cr Mn Co Ni B/ARatio
Grey 102 220 115 6.6 155 22 320 2.11
Dark 111 218 107 56 146 22 341 2.03

Second Phase 185 212 3.8 1.7 71 1.6 461 1.29
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A dendrite microstructure usually forms due to a high cooling rate for alloy solidification, during
which the nucleated grains may extend from the interface between the solid and liquid, and continue
growing along the specific crystal orientations and along the temperature gradient, until the remaining
area is solidified [33]. For this reason, the grains in the dendrite microstructure usually are sub-grains
with close orientations that are different from the orientations of the matrix. This is the reason that the
BSE images in Figure 8 show ECC between the dendritic area and the matrix, which was confirmed
by obtaining EBSD patterns from different locations in the sample, as shown in Figure 9. The C14
phase has a hexagonal crystal structure and belongs to the P63 /mmc space group [34], while the C15
phase has an fcc crystal structure and belongs to the Fd3m space group [35]. They are both AB; type
Laves phases, which are very common in intermetallic alloys. The C14/C15 ratio can be influenced
by the A/B atomic radii ratio [36], difference in electronegativity [37], electron concentration [38],
stress [39,40], and process conditions [41,42]. In Figure 9, it can also be seen that most of the area
is occupied by the C14 Laves phase, while only small isolated areas contain the C15 Laves phase.
Locations 1, 2, and 3 in Figure 9 were indexed as C14 Laves phase, having different crystallographic
orientations, while Locations 4, 5, and 6 were assigned to the C15 Laves phase. It is interesting to
discover that Locations 1, 2, and 3, all having the C14 structure with very similar chemical compositions
but different orientations, gave such a large contrast in the BSE micrograph. The EBSD patterns from
Locations 2, 4, 5, and 6 aligned very well with each other. The C15 and neighboring C14 phases are
aligned, with the following relationships: (111)c15//(0001)c14 and [110]¢15/ /[1120]c14, which was
reported before from TEM study [22,40]. The contrasts in Locations 4, 5, and 6 are similar to each
other, but differ significantly from Location 2 (C14). Therefore, we conclude that both the structure
and orientation contribute to the contrast observed in the BSE micrographs.

Figure 9. An example of EBSD point analysis on possible phases in the as-prepared Alloy #2. Points 1,
2, and 3 were indexed as C14 Laves phase, while Points 4, 5, and 6 were indexed as C15 Laves phase.

Figure 10 shows another example of the microstructure at the interface between the C14
and C15 phases. In the middle of the micrograph is the needle-like secondary phase that has
an average composition of AyBg. Locations 1 and 2 were indexed as C14 Laves phase with different
crystallographic orientations. Locations 3, 4, and 5 were indexed as C15 Laves phase. The EBSD from
Location 3 (C15) overlaps with that from Location 2 (C14), with the same relationships seen in Figure 8.
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The EBSD from Location 4 matches with that from Location 5 with the needle structure in between.
This suggests that, during solidification, the C14 phase solidifies first, the C15 crystals grow secondarily,
and the needle-like structure grows last inside the C15 phase as a peritectic phase. Comparing the
EBSD patterns from Locations 2 and 4, we obtained the following relationships: (101)j5c.2//(101)10c.4
and [121]jpc2/ /[121]10c.4- This is the micro-twinning of a cubic C15 structure, which is well-known
in the field [43,44]. Some models have been proposed to explain the cause of the micro-twinning,
which include stacking faults [20,45], dislocation movement [46], and phase growth [18]. This further
proves that, at one stage of solidification, Locations 3 and 4 are connected but with micro-twinning
in between.

Figure 10. A further EBSD analysis around the needle-like phase area from Alloy #2. Points 1 and 2
are taken from the main C14 phase. The C15 Laves (Points 3, 4, and 5) phase is found to be along the
boundary of needle-like phase area.

A compromise was made between high probe current mode and high resolution mode in the SEM
experiments. In order to obtain high quality EBSD patterns, the SEM was adjusted to a high probe
current mode, sacrificing resolution of the image, and thus the image shown in Figure 10 is not very
clear. However, compared with Figure 11, it is apparent that the C15 Laves phase usually exists near
the needle-like areas.

Figure 11. (a) A BSE image; and (b) a schematic showing the phases in different shades for a typical
cross-section of Alloy #2. It was the alignment of the orientation for the fine needle structures observed
in the SEM micrograph that initiated this series of microstructure studies.
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From the binary alloy phase diagrams of Ti-Cr and Zr-Cr, it can be demonstrated that the C14
phase formed at a higher temperature and later transformed into a C15 structure under a slow cooling
condition [47]. Therefore, the solidification path during cooling is when the C14 phase forms the
dendrite structure with the same crystallographic orientation, and later a second C14 phase with
a similar chemical composition forms the majority of the matrix. Finally, a needle-like secondary phase
is formed with most of the vanadium and chromium segregated into the outside C15 layer and the
AyBg mixture forming the needles inside. Therefore, the cooling sequence of C14-C15-B2 in the AB,
MH alloy proposed by Boettinger et al. [24] is verified. Similar microstructures observed by SEM in
other AB2 multi-phase MH alloys are reported before [48,49].

The secondary phases are very important to the electrochemical performance of the multi-phase
MH alloys. Eliminating (reducing) secondary phases through annealing results in severe
degradations in capacity and high-rate dischargeability [9,12,50-54]. The secondary phases benefit the
electrochemical reaction through the synergetic effects which require a clean, non-interrupted, and
coherent interface adjacent to the main phase [14]. The highly aligned crystallographic orientations
from various phases found in this study provide a strong support for the synergetic effect. Similar study
with the same conclusion by EBSD and TEM has been performed on another multi-phase MH alloy
family with a Laves phase related bcc structure [30].

4. Conclusions

EBSD techniques have been successfully employed to identify the structure and crystallographic
orientation dependence of the phases from two Ti-Zr-Ni based MH alloys. This information contributed
to the investigation of the cooling sequence of various phases. While the Zr;Nijg-based alloy
(B/A =1.43) was found to form a laminar-type solid, followed by solid-state phase segregation of Ni
into the grain boundary and formation of the C15 secondary phase, the phase formation sequence
is C14-C15-B2 in the AB;-based alloy (B/A =1.99). The alignment observed in the crystallographic
orientation strongly indicates the presence of a clean and coherent interface for the synergetic effects to
occur in both the gaseous phase and electrochemical hydrogen storage.
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Abbreviations
MH Metal hydride
bec body-centered-cubic
fec face-centered-cubic
PCT Pressure-concentration-temperature
SEM Scanning electron microscopy
TEM Transmission electron microscopy
EBSD Electron backscatter diffraction
OIM Orientation imaging microscopy
EDS X-ray energy dispersive spectroscopy
XRD X-ray diffraction
BSE Backscattered electron
ECC Electron channeling contrast
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