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a b s t r a c t

In Part 1 of this two part series of papers, the structural characteristics of quinary alloys
Ti1.5Zr5.5V0.5(MxNi1−x)9.5 with M = Cr, Mn, Fe, Co, Cu, or Al and x = 0.1 or 0.2 are reported. All 12 alloys
are composed of Laves phases (C14 or C15) and non-Laves Zr–Ni phases. Only partial Cu-substitution
vailable online 21 April 2010

eywords:
ydrogen absorbing materials
ransition metal alloys

retains a Zr7Ni10-dominated microstructure. Substitutions of elements with fewer outer shell electrons,
such as Al, Mn, and Cr, were found to promote more C14 phase while Fe- and Co-substitutions favored the
C15 structure. Average electron density was found to have a determining role in the predilection toward
C14/C15 phases. As the Ni-content in the alloy decreases, the structure of non-Laves phase changes from
Zr7Ni10 to Zr7Ni10 + Zr9Ni11, then to Zr9Ni11, and finally to Zr9Ni11 + ZrNi. The solubilities of V and Cr in

hase
the L
etal hydride electrode the Zr7Ni10 and Zr9Ni11 p
phases are lower than in

. Introduction

The pursuit of a Zr–Ni based alloy having a stoichiometry other
han AB2 for use as the metal hydride (MH) electrode active mate-
ial in nickel metal hydride (Ni/MH) battery began with Zr7Ni10
ntermetallic alloy [1–11]. The hydrogen-to-metal bond strength of
r7Ni10 is higher than that of the commonly used Zr-based AB2 alloy
ased on the higher Zr-to-Ni ratio (0.7) of Zr7Ni10. The advantage of
igher bond strength in such an alloy is the possibility of obtaining
igher storage capacity in a more stable hydride [12,13]. The risk is
he alloy will have a plateau pressure which is too low, thereby

aking hydride dissociation more difficult [7,10,11]. Therefore,
lloying the Zr7Ni10 composition with more elements is neces-
ary to improve the electrochemical properties. In a previously
ublished paper, we reported the structure and electrochemical
roperties of the ternary TixZr7−xNi10 alloy family (x between 0
nd 2.5) [14]. As the Ti content in the alloys increases, the crys-
al structure (mainly a Zr7Ni10 orthorhombic structure mixed with
ome C15 and ZrO2 secondary phases) remains unchanged, the lat-
ice constants decrease, the pressure–concentration–temperature
PCT) plateau pressure increases, activation becomes easier, and

he high rate dischargeability (HRD) improves. In this series of
lloys, ZN04 (Ti1.5Zr5.5Ni10) was chosen as the base alloy for the
ext series of experiments on the quaternary alloy because it had
good combination of capacity and HRD.

∗ Corresponding author. Tel.: +1 248 293 7000; fax: +1 248 299 4520.
E-mail address: kwoyoung@yahoo.com (K. Young).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.04.077
s are very low and the contents of other substitutional elements in these
aves phases.

© 2010 Elsevier B.V. All rights reserved.

In another previously published paper of Zr7Ni10 series alloys,
vanadium was added to Ti1.5Zr5.5VxNi10−x (x between 0 and 3.0) to
study the phase structure and electrochemical properties changes
[15]. The V-containing alloys all show multi-phase structures. The
major phase shifts from Zr7Ni10 to Zr9Ni11 and finally to a C14
structure as the vanadium content increases. Other minor phases
including C15 and ZrNi crystal structures are also present. The bulk
hydrogen transport property of the alloys is improved by synergetic
effects between the major and minor phases. Electrochemical test-
ing shows the highest discharge capacity of 357 mAh/g obtained
from an alloy having a composition of Ti1.5Zr5.5V2.5Ni7.5. However,
it is to be noted the structure of the main phase in this alloy is C14.

In this study, we continued the study of the Zr7Ni10-structured
alloy by adding a fifth element. The alloy ZN07 (Ti1.5Zr5.5V0.5Ni9.5)
with a structure of mainly Zr7Ni10 phase was chosen as the base
alloy.

In this two-part report, 10% and 20% of Ni in the base alloy
Zr5.5Ti1.5V0.5Ni9.5 was replaced by a fifth element chosen from the
group consisting of Cr, Mn, Fe, Co, Cu, and Al. The changes in struc-
tural properties are reported in Part I, and changes in gas phase
storage and electrochemical properties are reported in Part II [16].
These inexpensive elements are commonly used as modifiers in
Laves phase alloy development work. Previous publications related
to Zr-based AB2 alloy modifications by Cr, Mn, Fe, Co, and Al were

reviewed [17–21]. In summary: Cr and Al extend cycle life; Mn
facilitates the formation process; Fe improves cycle life, increases
plateau pressure, reduces capacity, improves HRD performance in
small amounts followed by reduction in HRD at higher concentra-
tions; Co reduces PCT hysteresis and extends the cycle life; and

dx.doi.org/10.1016/j.jallcom.2010.04.077
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:kwoyoung@yahoo.com
dx.doi.org/10.1016/j.jallcom.2010.04.077
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combination of Co and Al may improve all major Ni/MH battery
erformance characteristics. Compared to the modifiers mentioned
bove, Cu is less commonly used in Laves phase alloys. Cu was first
dded to TiCr2 in order to reduce annealing time and reduce the
perational temperature thereof [22]. As Cu content in the alloy
r(Cr1−xCux)2 increases, plateau pressure increases and hydrogen
torage capacity decreases [23]. Similar results were reported with
iMn2-based alloys [24], where Mn was partially replaced with
u, and Ti–Zr–Cr–V based BCC alloys [25], where the parent alloy
ystem was substituted with Cu. Moreover, in gas phase hydro-
en storage, Cu flattens the PCT isotherm [24,26] and increases the
eat of formation of the hydride [27]. The addition of Cu decreases
he electrochemical capacity [28,29] and reduces cycle life [30].
u is also reported to stabilize the C14 structure in ZrMn2-based
lloys [31] and to promote the C14 structure in ZrCr2-based alloys
23]. In AB5 alloys, the addition of Cu was found to be detrimental
o cycle life due to the flattening of the unit cell along the c-axis
32], but improved low temperature specific power by altering the

icrostructure of the surface oxide and the imbedded metallic clus-
ers within the surface oxide layer [33]. Also, the hydrogen storage
haracteristic of ZiNi alloy (B33 structure) with partial replacement
f nickel by one of the transition metals (V, Cr, Mn, Fe, and Co)
as previously studied [34]. In this series of alloys, the equilibrium
lateau pressure has a linear dependence on the unit cell volume,
nd lighter substituting elements (V, Cr, and Mn) have a stronger
nfluence on the microstructure pushing it toward the Laves phases
34].

. Experimental setup

Samples were made by arc melting under a continuous argon flow with a non-
onsumable tungsten electrode and a water-cooled copper tray. Before each arc
elt, a piece of sacrificial titanium underwent a few melting-cooling cycles to reduce

he residual oxygen concentration in the system. Each 10-gram sample ingot was
e-melted and flipped over a few times to ensure uniformity in chemical composi-
ion. The chemical composition of each sample was examined by a Varian Liberty
00 inductively coupled plasma (ICP) system. A Philips X’Pert Pro X-ray Diffrac-
ometer (XRD) was used to study each alloy’s microstructure. A JOEL-JSM6320F
canning Electron Microscope (SEM) with Energy Dispersive Spectroscopy (EDS)
apability and a Hitachi S-2400 SEM with EDS, Backscattering Electron Image (BEI),
nd Electron Backscattering Diffraction (EBSD) capabilities were used to study the
icrostructure and composition of each alloy.

. Results and discussion

Twelve alloys were prepared by arc melt without any anneal-
ng treatment. Target compositions of these alloys (general formula
i1.5Zr5.5V0.5(MxNi1−x)9.5 with M = Cr, Mn, Fe, Co, Cu, or Al and
= 0.1 or 0.2) are listed in Table 1. The final chemical composition
f each sample was verified by ICP to be within 0.1 wt% from the
esigned values.

.1. Phase analysis by XRD study

Fig. 1 compares the XRD spectra for the 12 as-prepared alloys
with no further processing) with the spectrum of the ZN07 base
lloy. The identified structures together with lattice constants and
elative abundances (calculated by the Rietveld method) are listed
n Table 1. The main phase shifts from Zr7Ni10 in the base alloy
N07 to: Zr9Ni11 with the addition of Cr, Mn, or Co; C14 with the
ddition of Al; and C15 with the addition of Fe. Partial replace-
ent by Cu does not change the crystal structure, as the Zr7Cu10

ntermetallic compound is the only congruent solidification among

he Zr7X10 alloys (X = Cr, Mn, Fe, Co, Ni, or Al) according to the sum-

ary of the phase diagrams of A7B10 alloys in Table 2. Therefore, the
r7Ni10 structure is preserved with partial Cu replacement (sam-
le Cu1 and sample Cu2) while substitutions with other elements
hange the dominant crystal structure. This is in agreement with
Fig. 1. XRD spectra using Cu K� as the radiation source for as-prepared alloys ZN07
(a), Cr1 (b), Cr2 (c), Mn1 (d), Mn2 (e), Fe1 (f), Fe2 (g), Co1 (h), Co2 (i), Cu1 (j), Cu2
(k), Al1 (l), and Al2 (m).

previous work [36,37]. Zhang et al. reported that the non-Laves
Zr–Ni secondary phase evolves from Zr7Ni10 to Zr9Ni11 and finally
to ZrNi structure as the amount of Ni-content in Zr(Mn1−xNix)2
decreases [38,39]. In the transition between two structures, a mix-
ture of two Zr–Ni phases can be seen, but never three phases.
This observation is in agreement with our findings. According to
Table 1, the available combinations of non-Laves Zr–Ni phases are
Zr7Ni10, Zr7Ni10 + Zr9Ni11, Zr9Ni11, and Zr9Ni11 + ZrNi. One major
difference between the Laves phase and the non-Laves Zr–Ni phase
is the solubility of vanadium: both Zr7Ni10 and Zr9Ni11 phases have
very limited solubility of vanadium [15]. According to the Ni–V–Zr
ternary phase diagram giving by Gupta, only ZrNi3 and ZrNi5 have
limited solubility of vanadium (up to 5 at.%) while other non-Laves
phases have no vanadium solubility as in the case of pure zirconium
[40].

The lattice constants of substituted alloys were then compared
to the original values of the base alloy. With the substitution of
nickel by larger elements, such as Cr, Mn, Cu, and Al, the lattice
constants of all phases increase. (For the atomic radii of metals in
Laves phase alloy, see Ref. [18]) Substitution of cobalt, which is the
closest in size to Ni, does not change the lattice constants. How-

ever, the iron substitution is interesting as smaller amount of iron
(sample Fe1) increases the lattice constant, but a larger amount
of iron (sample Fe2) reduces the lattice constant. In the literature,
the partial replacement of nickel by iron in AB5 [41], C14 [42], or
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Table 1
Structural properties of Ti1.5Zr5.5V0.5MxNi9.5−x alloys determined by XRD.

Alloy name Formula XRD phases
before PCT

a (in Å) b (in Å) c (in Å) Unit cell
volume (Å3)

Abundance (%) XRD phases
after PCT

a (in Å) b (in Å) c (in Å) Abundance (%)

ZN07 Ti1.5Zr5.5V0.5Ni9.5 C15 7.026 347 8 C15 7.029 8
Zr7Ni10 9.043 9.104 12.235 1007 92 Zr7Ni10 9.045 9.106 12.237 92

Cr1 Ti1.5Zr5.5V0.5Cr0.95Ni8.55 C14 5.006 8.142 177 17 C14 5.007 8.143 17
C15 7.055 351 21 C15 7.055 21
Zr9Ni11 9.756 6.514 620 62 Zr9Ni11 9.756 6.514 62

Cr2 Ti1.5Zr5.5V0.5Cr1.9Ni7.6 C14 5.008 8.156 177 42 C14–H 5.223 8.626 42
Zr9Ni11 9.761 6.522 621 39 Zr9Ni11Hx 10.077 6.713 39
ZrNi 3.226 9.887 4.063 130 19 ZrNiHx 3.461 10.534 4.346 19

Mn1 Ti1.5Zr5.5V0.5Mn0.95Ni8.55 C14 5.005 8.145 177 13 C14 5.007 8.147 6
C14–H 5.221 8.624 7

C15 7.048 350 39 C15 7.048 15
C15–H 7.434 24

Zr9Ni11 9.755 6.523 621 48 Zr9Ni11 9.755 6.524 16
Zr9Ni11Hx 10.079 6.715 32

Mn2 Ti1.5Zr5.5V0.5Mn1.9Ni7.6 C14 5.003 8.146 177 49 C14 5.003 8.146 38
C14–H 5.222 8.621 11

C15 7.054 351 17 C15 7.054 17
Zr9Ni11 9.762 6.517 621 33 Zr9Ni11Hx 10.069 6.705 34

Fe1 Ti1.5Zr5.5V0.5Fe0.95Ni8.55 C15 7.034 348 51 C15 7.034 32
C15–H 7.432 19

Zr7Ni10 9.085 9.149 12.249 1018 27 Zr7Ni10Hx 9.241 9.303 12.302 27
Zr9Ni11 9.756 6.525 621 22 Zr9Ni11Hx 10.081 6.717 22

Fe2 Ti1.5Zr5.5V0.5Fe1.9Ni7.6 C15 7.023 346 62 C15 7.023 44
C15–H 7.429 18

Zr9Ni11 9.754 6.523 621 38 Zr9Ni11Hx 10.075 6.711 38

Co1 Ti1.5Zr5.5V0.5Co0.95Ni8.55 C15 7.021 346 33 C15 7.021 11
C15–H 7.434 22

Zr7Ni10 9.043 9.104 12.235 1007 31 Zr7Ni10Hx 9.242 9.305 12.534 31
Zr9Ni11 9.755 6.524 621 36 Zr9Ni11Hx 10.019 6.725 36

Co2 Ti1.5Zr5.5V0.5Co1.9Ni7.6 C15 7.022 346 47 C15 7.021 36
C15–H 7.434 11

Zr7Ni10 9.042 9.103 12.233 1007 17 Zr7Ni10Hx 9.242 9.305 12.534 17
Zr9Ni11 9.756 6.524 621 36 Zr9Ni11Hx 10.019 6.724 36

Cu1 Ti1.5Zr5.5V0.5Cu0.95Ni8.55 C14 5.011 8.147 348 9 C14 5.011 8.147 9
Zr7Ni10 9.057 9.119 12.254 1012 91 Zr7Ni10 9.083 9.147 12.287 45

Zr7Ni10Hx 9.253 9.317 12.547 46

Cu2 Ti1.5Zr5.5V0.5Cu1.9Ni7.6 C14 5.013 8.151 349 11 C14 5.013 8.151 11
Zr7Ni10 9.066 9.128 12.265 1015 89 Zr7Ni10Hx 9.259 9.328 12.557 89

Al1 Ti1.5Zr5.5V0.5Al0.95Ni8.55 C14 5.018 8.156 178 34 C14–H 5.158 8.416 32
Zr7Ni10 9.099 9.158 12.307 1026 36 Zr7Ni10Hx 9.242 9.305 12.534 36
Zr9Ni11 9.805 6.574 632 32 Zr9Ni11Hx 10.075 6.785 32

Al2 Ti1.5Zr5.5V0.5Al1.9Ni7.6 C14 5.058 8.216 182 67 C14–H 5.208 8.416 67
Zr9Ni11 9.815 6.585 634 33 Zr9Ni11Hx 10.015 6.755 33
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Table 2
Summary of phase diagram at 41% Ti or Zr, and 59% X, where X = Cr, Mn, Fe, Co, Ni, Cu, and Al. * denotes Pearson symbol. Data are from Ref. [35].

Composition Solid type Crystal structure during cooling Melting temp. or eutectic temp. (◦C)

Ti41Cr59 Eutectic of Ti and TiCr2 A3 and C15 667
Zr41Cr59 Eutectic of Zr and ZrCr2 A3 and C15 836
Ti41Mn59 Eutectoid of TiMn and TiMn2 t*58* and C14 1200
Zr41Mn59 Eutectic of Zr and ZrMn2 A3 and C14 790
Ti41Fe59 Eutectic of Ti and TiFe A3 and B2 595
Zr41Fe59 Eutectic of Zr3Fe and ZrFe2 E1� and C15 ∼300
Ti41Co59 Peritectic of TiCo2 C15 1235
Zr41Co59 Eutectic of Zr2Co and ZrCo C15 and B2 1312
Ti41Ni59 Eutectic of TiNi and TiNi3 B2 and hP16* mixture 1118
Zr41Ni59 Peritectoid of Zr7Ni10 oC68* 1070

P10* a
C68*
C12*
f

C
t
u
s
c

s
v
t
6
o
i

Ti41Cu59 Eutectoid of Ti2Cu3 and TiCu4 t
Zr41Cu59 Congruent o
Ti41Al59 Peritectoid of TiAl2 o
Zr41Al59 Peritectoid of ZrAl B

15 AB2 [43] causes the unit cells to expand. The mechanism of
he lattice contraction with Fe in the current study is not presently
nderstood. The lattice constants for the hydride phases follow the
ame trend as those as-prepared samples when Fe is added into the
omposition.

The lattice constants of Zr9Ni11 phases of most alloys with tran-
ition metal substitution of Ni are very similar with the unit cell
olumes being between 620 and 621 Å3. In the case of Al substitu-

ion, the unit cell volume of Zr9Ni11 goes up to 632 (sample Al1) and
34 Å3 (sample Al2). Zhang et al. reported that the lattice constants
f Zr9Ni11 change in Zr(MnxV0.45−xNi0.55)2 alloys but the change
s not associated with the change in the average atomic radius of

Fig. 2. The evolution of C14 (a), C15 (b), Zr7Ni10 (c), and Zr9Ni11 (d) phase a
nd oP20* 870
895

1240
1275

B atoms [44]. The determining factor with respect to the lattice
constants of Zr9Ni11 remains a subject for further investigation.

The relative phase abundances are plotted against the amount of
substitution in Fig. 2. The abundance of C14 phase increases rapidly
with substitutions of Al, Mn, and Cr, and is believed to be associated
with the lower number of valance electrons of the substituting ele-
ments (Fig. 2a). The C15 phase dominates with substitutions of Fe
and Co, which is in agreement with the prediction from research

on ZrMn2 based alloys [31]. The initial increase and subsequent
decrease in C15 phase abundance with the substitution of Mn and
Cr (Fig. 2b) is discussed in the EDS results section. As stated before,
except for Cu substitution, the Zr7Ni10 phase decreases dramati-

bundance as functions of the x value in alloys Ti1.5r5.5V0.5(MxNi1−x)9.5.
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Fig. 3. XRD spectra using Cu K� as the radiation source for after-PCT alloys ZN07
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ally with the increasing substitution (Fig. 2c). As for the abundance
f Zr9Ni11 phase, all non-Cu substitutions show initial increases
nd then converge to a narrow range between 30% and 40% as
he amount of substitution increases (Fig. 2d). The reason for this
onvergence requires further investigation.

Partially hydrided samples were prepared by fully hydriding
he alloys to 2 MPa of hydrogen and then pumping down to an
quilibrium hydrogen pressure at 1 kPa. Some hydrogen remains in
he phases which have an equilibrium pressure lower than 1 kPa.
amples were taken out of the PCT apparatus and put in the XRD
nstrument immediately. The resulting XRD spectra are shown in
ig. 3 and summarized in Table 1. In Fig. 3, the hydride �-phases
re in lighter gray color while the original �-phases are in black. In
he case of Cr substitution, sample Cr1 shows a complete dehy-
ride without any significant changes in lattice constants while
ample Cr2 shows measurable expansion of all three constituent
hases. The percentages of volume expansion in decreasing order
re ZrNi (22%), C14 (15%), and Zr9Ni11 (10%). The expansion of the
rNi phase is the largest. In the case of sample Mn1, all three phases
ecome partially hydrided, and the percentages of volume expan-
ion in decreasing order are C15 (17%), C14 (15%), and Zr9Ni11 (10%).
s the Mn amount increases (sample Mn2), the hydrogen storage

n C15 phase becomes totally reversible and in the Zr9Ni11 phase
ecomes totally irreversible, and more hydrogen in the C14 phase

s released. In the case of Fe and Co substitutions, C15 becomes par-
ially dehydrided while Zr7Ni10 and Zr9Ni11 remained completely
ehydrided. The percentages of volume expansion in decreasing
rder are C15 (18–19%), Zr9Ni11 (9–10%), and Zr7Ni10 (4–7%). In
he case of Cu substitution, the C14 phase is totally reversible while
he Zr7Ni10 changes from being partially reversible to being totally
rreversible as the Cu amount increases. Although Cu preserves
he Zr7Ni10 crystal structure, it is detrimental to hydrogen stor-
ge reversibility. Finally, in the case of Al substitution, all phases
emain hydrided after PCT analysis with the volume expansion in
ecreasing order of C14 (9%), Zr9Ni11 (7–9%), and Zr7Ni10 (5%). In
eneral, the hydride lattice expansion is in the order of ZrNi (22%),
15 (17–19%), C14 (9–15%), Zr9Ni11 (7–10%), and Zr7Ni10 (4–7%).
his is equivalent to the order of hydrogen intake of alloys under
he assumption that the hydrogen occupancy is the only reason for
he lattice expansion.

.2. Microstructures observed by SEM/EDS

In order to understand the various phase formations during

olidification with different substitution elements, the phases of
7B10 and AB2 compositions from A–B binary phase diagrams are
ummarized in Tables 2 and 3. Most of the A7B10 alloys do not
olidify congruently except for Zr7Cu10. None of the other substi-
ution elements has a solidification product with a Zr7X10 crystal

able 3
ummary of phase diagram at 33% Ti or Zr, and 67% X, where X = Cr, Mn, Fe, Co, Ni, Cu, an

Composition Solid type Crystal structure during c

Ti33Cr67 Congruent BCC–C36–C14–C15
Zr33Cr67 Congruent C14–C36–C15
Ti33Mn67 Congruent C14
Zr33Mn67 Congruent C14
Ti33Fe67 Congruent C14
Zr33Fe67 Congruent C15
Ti33Co67 Peritectic C15
Zr33Co67 Congruent C15
Ti33Ni67 Eutectic of TiNi and TiNi3 B2 and hP16* mixture
Zr33Ni67 Eutectic of Zr7Ni10 and Zr8Ni21 oC68* and triclinic
Ti33Cu67 Eutectic of Ti2Cu3 and TiCu4 tP10* and oP20*

Zr33Cu67 Eutectic of Zr7Cu10 and Zr3Cu8 oC68* and oP44*

Ti33Al67 Peritectoid oC12*

Zr33Al67 Congruent C14
(a), Cr1 (b), Cr2 (c), Mn1 (d), Mn2 (e), Fe1 (f), Fe2 (g), Co1 (h), Co2 (i), Cu1 (j), Cu2
(k), Al1 (l), and Al2 (m). The black and gray symbols are for � and � phases of the
hydrides, respectively.

structure, which is why the phase abundance of Zr7Ni10 drops sub-
stantially with any non-Cu substitution (Fig. 2c). As for the AB2
composition listed in Table 3, most of the intermetallic alloys are

AB2 from congruent solidification or peritectic reaction with the
exception of TiCu2 (rA/rB = 1.14) and TiAl2 (rA/rB = 1.02) where the
radius ratios between the A and B atoms are below the threshold of
Laves phase [45]. ZrCu2 is another exception due to the existence

d Al. * denotes Pearson symbol. Data are from Ref. [35].

ooling Solubility of X Melting temp. or eutectic temp. (◦C)

Med. (63–65%) 1370
Large (64–69%) 1673
Very Large (60–70%) 1325
Very Large (60–79%) 1450
Large (65–72%) 1427
Large (66–73%) 1673
Small (66.5–67%) 1235
Large (65–73%) 1560

1118
1070

870
885

Narrow 1240
Narrow 1645
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Fig. 4. SEM backscattering electron image micrographs for alloys Cr1 (a), Cr2 (b), Mn1 (c), Mn2 (d), Fe1 (e), Fe2 (f), Co1 (g), Co2 (h), Cu1 (i), Cu2 (j), Al1 (k), and Al2 (l). The
bar on the right lower corner indicates a length of 20 �m. Compositions identified in the micrograph by EDS analysis are listed in Table 4.



2 and C

o
o
t
i
e

a
a
t
e
i
t
s
A
n
p
N
c

T
S
o
s

42 K. Young et al. / Journal of Alloys

f a more stable Zr7Cu10 phase. According to the phase diagrams
f TiCr2 and ZrCr2, C14 phase has a higher melting temperature
han the C15 and should solidify first during cooling. This cool-
ng sequence has been confirmed by SEM/TEM studies published
lsewhere [46,47].

Fig. 4a-l shows the SEM–BEI micrographs for all 12 substituted
lloys at the same magnification. The chemical compositions of the
reas labeled with reference numerals were analyzed by EDS and
he results are summarized in Table 4. The B-to-A ratio, average
lectron density (e/a value), and the phase identification are also
ncluded. The B-to-A ratio was calculated based on the assumption
hat only Zr and Ti occupy the A-site while all other elements in this
tudy occupy the B-site due to their relatively small atomic sizes.

previous study of partial replacement of Ni by Al in C14 alloy did

ot show a clear trend of changes in lattice size and therefore the
recise site for Al could not be determined [20]. However, from the
b–Ni–Al ternary phase diagram, C14 phase seems to have a wide
omposition range with Al in the B-site [48]. The occupation of V in

able 4
ummary of EDS chemical composition in micrographs Fig. 3a-l. Numbers are in atomic pe
n the abundance from XRD analysis and composition of other phases. e/a value is the a
hell electrons of constituent element.

Zr Ti Ni V M

Cr1-1 39.0 6.1 54.3 0.3 0.3
Cr1-2 36.1 10.2 52.3 0.7 0.6
Cr1-3 30.4 8.1 48.1 6.7 6.7
Cr2-1 38.2 7.4 53.6 0.4 0.4
Cr2-2 34.2 9.4 47.8 3.4 5.2
Cr2-3 35.9 9.8 49.0 2.1 3.2
* 24.6 9.7 33.7 5.9 26
Mn1-1 33.7 9.0 54.7 0.3 2.2
Mn1-2 34.3 8.8 48.7 2.8 5.4
Mn1-3 35.0 6.8 29.2 11.3 17.7
Mn1-4 63.3 6.0 26.2 1.0 3.5
Mn1-5 89.0 3.3 7.0 0.2 0.5
* 32.3 8.8 50.3 2.94 5.6
Mn2-1 37.3 10.4 47.4 0.4 4.6
Mn2-2 29.4 7.5 35.4 7.1 20.7
Fe1-1 36.2 8.6 49.1 1.9 4.2
Fe1-2 34.3 9.0 50.7 1.7 4.3
Fe1-3 93.9 2.2 3.5 0.1 0.3
* 42.5 8.2 47.2 0.3 1.9
* 23.9 9.2 52.9 5.0 8.6
Fe2-1 39.7 6.9 51.7 0.0 1.7
Fe2-2 34.9 14.1 44.5 0.8 5.7
Fe2-3 29.4 6.4 30.9 6.5 26.9
Co1-1 38.4 7.1 50.0 0.8 3.7
Co1-2 32.0 9.4 48.6 4.2 5.9
Co1-3 29.8 9.1 46.2 7.1 7.8
Co1-4 31.5 13.4 47.5 2.1 5.5
Co1-5 51.1 6.6 38.4 0.7 3.2
* 34.9 9.8 51.8 0.4 3.4
* 28.6 8.9 44.9 8.7 8.8
Co2-1 35.8 7.7 49.4 0.7 6.4
Co2-2 32.1 13.4 44.1 0.9 9.5
Co2-3 30.3 6.6 38.8 7.6 16.7
Co2-4 33.9 9.3 41.2 3.0 12.6
Cu1-1 36.3 6.7 50.6 0.8 5.6
Cu1-2 28.2 15.2 44.7 8.1 3.8
Cu1-3 80.2 3.0 14.7 0.8 1.4
Cu2-1 36.2 6.6 45.4 0.4 11.4
Cu2-2 27.7 18.1 39.5 8.5 6.3
Cu2-3 25.7 21.2 40.4 5.4 7.4
Cu2-4 95.1 0.6 3.2 0.3 0.8
Al1-1 31.7 7.9 52.0 0.6 7.8
Al1-2 33.5 9.5 50.8 2.7 3.3
Al1-3 32.8 9.3 49.7 3.7 4.4
* 36.1 11.6 51.4 0.3 0.3
* 29.5 8.3 45.7 7.5 9.0
Al2-1 34.0 10.0 49.5 0.2 6.2
Al2-2 30.4 8.6 49.1 0.3 11.7
Al2-3 29.0 7.8 39.4 7.2 16.7
Al2-4 19.2 6.0 49.9 0.1 24.9
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the B-site of a C14-dominated alloy was confirmed before by XRD
analysis [49]. All other smaller elements should substitute for Ni in
the B-site.

The percentage of C15 in the overall AB2 alloy is plotted against
the e/a value of the identified AB2 Laves phase in Fig. 5. Except
for data from sample Cu1 and sample Cu2 where the AB2 con-
tents are relatively small (9–11%) and where C15 is difficult to
be resolved from the XRD spectrum, the C15/AB2 ratio shows a
good dependency on e/a value, which has been demonstrated many
times before in the literature [50–55]. The threshold of e/a value for
C14/C15 transition is about 6.9–7.0, which is close to the value of
7.1 reported by Chao et al. in a series of similar alloys of high degree
in disorder [52].
3.2.1. Base Ti1.5Zr5.5V0.5Ni0.95 alloy
The SEM–BEI micrograph of ZN07 is shown in Fig. 3b in Ref. [15].

It shows a typical acicular structure from a eutectic solidification
[56]. Recently, this type of dendrite growth has been simulated suc-

rcentage. Row begins with a * symbol represents the calculated composition based
verage electron density based on the atomic percentage and the number of outer

(NiVM)/(ZrTi) e/a value Phase

1.22 Zr9Ni11

1.16 Zr9Ni11/AB2 mixture
1.60 7.09 AB2
1.19 Zr9Ni11

1.29 Zr9Ni11/AB2 mixture
1.19 ZrNi
1.91 6.60 AB2 (calculated from abundance)
1.34 Zr9Ni11

1.32 Zr9Ni11/AB2 mixture
1.39 AB2/Zr9Ni11 mixture
0.44 ZrO2/Zr9Ni11 mixture
0.08 ZrO2

1.53 7.21 AB2 (calculated from abundance)
1.10 Zr9Ni11

1.71 6.82 AB2

1.23 Zr9Ni11/Zr7Ni10/AB2

1.31 Zr9Ni11/Zr7Ni10/AB2

0.04 ZrO2

0.97 Zr9Ni11/Zr7Ni10 (calculated)
2.00 7.56 AB2 (calculated)
1.15 Zr9Ni11

1.04 ZrNi
1.80 7.00 AB2

1.20 Zr9Ni11

1.42 Zr7Ni10/AB2 mixture
1.57 AB2/Zr7Ni10 mixture
1.23 Zr9Ni11/AB2 mixture
0.73 ZrO2

1.24 Zr7Ni10 (calculated)
1.66 7.22 AB2 (calculated)
1.30 Zr9Ni11

1.20 Zr9Ni11/Zr7Ni10 mixture
1.71 7.24 AB2

1.31 Zr9Ni11/AB2 mixture
1.33 Zr7Ni10/AB2 mixture
1.30 7.03 AB2

0.20 ZrO2

1.34 Zr7Ni10

1.19 6.90 AB2

1.13 7.00 AB2

0.04 ZrO2

1.53 Zr7Ni10

1.32 Zr9Ni11/AB2 mixture
1.38 Zr9Ni11/AB2 mixture
1.18 Zr9Ni11 (calculated)
1.64 6.72 AB2 (calculated)
1.27 Zr9Ni11

1.57 Zr7Ni10

1.72 6.27 AB2

2.97 ZrNi3
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ig. 5. The percentage of C15 phase abundance in AB2 vs. the average electron
ensity either measured by EDS or calculated from the XRD phase abundance.

essfully by a phase field model [57]. The matrix in this alloy has
Zr7Ni10 structure, and the dendrite is C15 phase solidified first

uring cooling from the liquid. The alignment of the dendrite ori-
ntation is associated with the solidification path (from the outside
o the inside of the ingot).

.2.2. Cr substitution
For sample Cr1, SEM shows a large area of Zr9Ni11 phase (lighter

rea 1) (Fig. 4a). The rest of the area is a mixture of Zr9Ni11 and
B2 phases. Most of the substituting Cr and V are found in the AB2
hase. The Zr9Ni11 to AB2 ratio is about 2–1, which agrees with the
stimation from XRD analysis. From the microstructure, the AB2
hase is believed to solidify first and remove all vanadium from
he liquid. Zr9Ni11 is the last to solidify and forms the matrix of the
lloy. The e/a value calculated from the AB2 phase is 7.09, which is
lightly higher than the threshold and corresponds well with the
15-dominance found in XRD analysis.

As the Cr-content increases, the Zr9Ni11 phase remains as the
atrix with fine grains of AB2 and larger grains of ZrNi included
ithin (Fig. 4b). Very small amounts of Cr and V are found in the

r9Ni11 phase. The lattice constants of the Zr9Ni11 matrix increase
lightly because Cr is larger than Ni. The calculated AB2 composition
based on phase abundance discovered by XRD analysis and Zr9Ni11
omposition from EDS) shows a relatively high B/A ratio of 1.90,
hich is very close to the ideal stoichiometry of 2.0. The average

/a value of this calculated AB2 composition is 6.60, which is in
greement with the pure C14 phase found in XRD analysis.

.2.3. Mn substitution
For sample Mn1, the main matrix is Zr9Ni11 phase with a very

mall V-content and a low Mn content (Fig. 4c). Very fine grains
f AB2 are spread along what is believed to be the cooling direc-
ion. ZrO2 is also seen in the micrograph. The composition of the
B2 phase calculated based on the phase abundance shows a B-

o-A ratio of 1.53, which indicates the existence of either anti-site
isorder or under-stoichiometry. This is consistent with the wide
ange of C14 composition in both TiMn2 and ZrMn2 as indicated in
able 3. The rA/rB ratio of ZrMn2 is 1.24, which is very close to the
deal ratio (3/2)1/2 = 1.225, and therefore the solubility of C14 phase
s very high [45].

As the Mn content increases (sample Mn2), the grains of AB2
darker region) become much larger (Fig. 4d). The e/a ratio of the

B2 phase is 6.82, which is just below the threshold of a C14/C15

ransition and therefore agrees with the C14-dominance as discov-
red in XRD analysis. The matrix remains a Zr9Ni11 structure and
ontains almost no vanadium and some Mn (still below the aver-
ge). The majority of Mn is found in the AB2 phase. Although the
ompounds 501 (2010) 236–244 243

compositions of the Zr9Ni11 phase in samples Mn1 and Mn2 are
different (Zr in sample Mn2 is higher than that in sample Mn1 at
the expense of Ni), the cell volume is almost the same. The reason
for the volume remaining unchanged is unknown.

3.2.4. Fe substitution
The microstructure of sample Fe1 is similar to that of sample

Mn1 with the Zr7Ni10/Zr9Ni11 phases as the matrix and AB2 phase
as the dendrite outgrowth (Fig. 4e). The SEM resolution is not ade-
quate to distinguish between the Zr7Ni10 and Zr9Ni11 phases. The
estimation of AB2 composition is more complicated than for sam-
ples Cr2 and Mn1. We first note there is at most 0.3% V in either
Zr7Ni10 or Zr9Ni11. Therefore, we know the content of V in AB2
phase is about 5% judging from the 51% C15 phase abundance and
2.9% V in the design composition. In the reference numeral 1 spot
of sample Fe1, the percentage of AB2 is 34% based on the average V-
content at 1.9%. For the average composition, the percentage of AB2
is 51% with the percentage of vanadium being 5.5%. The composi-
tion of AB2 and non-Laves phases can be calculated by solving the
two-variable linear equations. The results are listed in Table 4. The
AB2 composition calculated in this way has a perfect stoichiometry
(B/A = 2.0) and the e/a value is 7.56, which correlates well with the
C15-only AB2 structure. The iron content in the C15 phase is much
higher than the non-Laves phase and is the main driving force to
move the main phase away from the non-Laves phase.

As the Fe content increases, the grain size becomes much larger
as it does for Mn (Fig. 4f) and one of the minor phase changes from
Zr7Ni10 to ZrNi, which agrees with the reduction in Ni-content. The
V and Fe contents in the ZrNi phase are higher than those in Zr9Ni11
but are still lower than the average composition. Most of the iron
was found in the AB2 phase, causing the e/a value to decrease to
7.0 since Fe has fewer outer shell electrons than the substituting
Ni. The AB2 phase remains C15-dominated with a small increase in
the abundance.

3.2.5. Co substitution
The phase segregation of sample Co1 is similar to that of sample

Cr1 with the main matrix being a Zr9Ni11 phase (Fig. 3g). Zr7Ni10
was found as the secondary phase finely mixed with the AB2 phase
(which was not observed in the case of sample Cr1). Due to the
distribution of fine grains of the secondary phases, a single area
for EDS analysis is not available for the Zr7Ni10 and AB2 phases. A
calculation similar to the one performed on sample Fe1 was per-
formed, and the compositions of these two phases were calculated
and are listed in Table 4. Zr7Ni10 has slightly lower contents of V
and Co than Zr9Ni11. In both cases, while the Co content is close
to the average composition, the V content is much lower than the
average composition. The e/a value of the calculated composition
of AB2 is 7.22, which agrees with the pure C15 structure in the AB2
phase.

As the Co level increases, the large area of the matrix phase dis-
appears (as in the case of sample Cr2). The abundance of Zr9Ni11
remains about the same at 36%. The abundance of Zr7Ni10 is cut
in half due to the reduction in Ni-content. The AB2 phase, which
contains most of the V and Co in the alloy, has an e/a value of 7.24,
which is in agreement with a C15-dominated structure.‘

3.2.6. Cu substitution
Cu is a unique substitution element in this study due to the

unchanged crystal structure from Zr7Ni10 to Zr7Cu10 [58]. From
the XRD structure study, the content of Zr7Ni10 remained dominant

and unchanged with Cu substitution (Fig. 2). While the micrograph
of sample Cu1 (Fig. 4i) shows a typical dendrite structure, sample
Cu2 exhibits a morphology similar to a ternary three-phase solid-
ification [59]. Both samples show a matrix of Zr7Ni10 phase with
the highest content of Cu. The e/a values calculated from the com-
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osition of AB2 phase are very close to the critical point between
he C14 and C15 structure. However, due to the small volume per-
entage of AB2 phases in these two samples, we cannot resolve the
15 phase in the XRD analysis. We can only estimate it is a C14-
ominated structure. Another point worth mentioning is the low
/A ratio in the AB2 phase in Cu-substituted alloys (1.3 and 1.19).

n this series of alloys, most of the B/A ratios of AB2 phase are in the
ange between 1.6 and 1.8. Some anti-site and vacancy defects are
xpected. However, the deviation from the ideal B/A ratio is very
arge for samples Cu1 and Cu2, which will be further investigated
n the future.

.2.7. Al substitution
The microstructure of sample Al1 is composed of a Zr7Ni10

atrix and dendrites made from a fine mixture of Zr9Ni11 and AB2
Fig. 3k). The compositions of the Zr9Ni11 and AB2 phases are cal-
ulated from the EDS data of two Zr9Ni11/AB2 mixed area under
he assumption that there is no Zr7Ni10 in the mixed areas. The
ercentages of Zr9Ni11 in the areas of sample Al1 having reference
umerals 2 and 3 are 66% and 53%, respectively. The calculated B/A
atio for Zr9Ni11 is 1.18, which is very close to the stoichiometric
atio of 11/9 = 1.22. The e/a value of AB2 is 6.72, which agrees with
he C14-dominated microstructure.

As the amount of Al-substitution increases, the AB2 grain grows
arger in size and a new phase with a composition close to ZrNi3
s found (Fig. 3l). This new phase has the highest content of Al and
lmost no V. The AB2 phase has an e/a value of 6.27 and correlates
ell with the dominance of the C14 structure.

. Summary

The results of this study on the microstructure of series of alloys
ith the substitution in Ni in the base alloy Ti1.5Zr5.5V0.5Ni9.5 are

ummarized below.

Base alloy: Zr7Ni10 matrix with C15 dendrites.
r substitution: Zr9Ni11 matrix with C14/C15 (sample Cr1) and

C14/ZrNi fine grains (sample Cr2).
n substitution: Zr9Ni11 matrix with C14/C15 fine grains (sample

Mn1) and large grains (sample Mn2).
e substitution: Fine grains mixture (sample Fe1) and larger grains

(sample Fe2) of C15, Zr9Ni11 and Zr7Ni10 phases.
o substitution: Zr9Ni11 matrix with Zr7Ni10/C15 fine grains.
u substitution: Zr7Ni10 matrix with C14 dendrites.
l substitution: Zr7Ni10 matrix with Zr9Ni11/C14 dendrites (sam-

ple Al1) and Zr9Ni11 matrix with large grains of
C14 and ZrNi3, and small grains of Zr7Ni10 (sample
Al2).
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