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Relationship between polymorphism and hydrogenation
properties in Ti0.64Zr0.36Ni alloy
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Abstract

The influence of the parent crystal structure on the hydrogenation of Ti0.64Zr0.36Ni alloy has been investigated. Austenitic Ti0.64Zr0.36Ni alloy
with cubic CsCl-type structure preserves its metal sublattice structure after hydrogenation. It forms Ti0.64Zr0.36NiH1.6 hydride (PH2 = 1 MPa
andT = 373 K) through a cell-volume expansion of 10.4%. On the contrary, the monoclinic TiNi-type structure of martensitic Ti0.64Zr0.36Ni
alloy is modified after hydrogen absorption. AtPH2 = 0.06 MPa andT = 373 K, two hydrides coexist with orthorhombic CrB-type structure
and compositions Ti0.64Zr0.36NiH and Ti0.64Zr0.36NiH2.2, which induces a cell-volume expansion of 5.36 and 18.3%, respectively. The stability
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f these crystal structures is discussed by comparison with other AB intermetallic compounds (A = Ti, Zr, Hf) and B = (Fe, Co, Ni).
2005 Elsevier B.V. All rights reserved.
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. Introduction

TiNi is an outstanding alloy due to both shape memory
ehavior and hydrogen uptake capability[1–4]. Its shape
emory effect is allowed by a martensitic transformation

MT) between a high temperature phase of cubic symme-
ry and a low temperature phase of monoclinic symmetry
5,6]. MT is a first order and diffusionless reversible transi-
ion with thermal hysteresis. By analogy with steels, high and
ow temperature phases in TiNi are denoted as austenite and

artensite, respectively. For equiatomic TiNi, the martensite
tarts to nucleate on cooling atT ∼ 310 K, whereas the re-
erse transformation starts atT ∼ 340 K [7]. Nevertheless,
T temperatures are strongly dependent on the chemistry

stoechiometry[7], metal substitutions[8] and impurity gas
ontent[9]) and the thermo-mechanical history[10,11]of the
lloy.

The crystal structure of TiNi austenite was determined
ong time ago[12]. It has a cubic CsCl-type structure (S.G.
m3̄m, Ni 1a (0, 0, 0), Ti 1b (1/2, 1/2, 1/2)) with lattice pa-

ametera = 3.015Å[13]. The crystal structure determina-
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tion of TiNi martensite has been much problematic du
its complex structure and the difficulty of obtaining r
domly oriented powder samples[14,15]. It is now widely
accepted that its crystal structure is monoclinicP21/m (Ti
2e (0.4176, 1/4, 0.2164), Ni 2e (0.0372, 1/4, 0.6752)) with la
tice parametersa = 2.898Å, b = 4.108Å, c = 4.646Å and
β = 97.78◦, as established by Kudoh et al. by single cry
X-ray diffraction[16].

Hydrogenation properties of TiNi austenite as re
to pressure–composition–isotherms (PCI) have been d
mined by Burch et al.[17]. TiNi absorbs up to 1.2 hydroge
atoms per AB unit formula (H/AB, A = Ti, B = Ni) at 400
and 1 MPa of hydrogen pressure. H-absorption takes
without showing any evidence of a pressure invariant pla
region atP > 0.02 MPa. This may suggest that hydrogen
ters as a solution phase, a statement that should be disc
after structural data of Noréus et al.[18] and Soubeyrou
et al.[19]. In fact, hydrogen absorption induces a tetrag
distortion of the cubic alloy matrix forming a (2a × 4a) su-
percell structure. Unit-cell parameters for TiNiH1.4 hydride
are reported to bea = 6.2365Å andc = 12.424Å, leading
to a 10% cell-volume expansion with respect to the pa
alloy. H-atoms almost occupy half of the octahedral Ti4Ni2
sites available in the metal sublattice.
925-8388/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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As regards to the hydrogenation properties of TiNi marten-
site, scarce information is reported in the literature. This
should be related to the difficulty of producing bulk spec-
imens of martensitic-derived hydrides. The reasons of this
are manifold. First, the martensitic phase only holds near
or below room temperature, where H-diffusivity is sluggish.
Secondly, TiNi alloy is extremely tough and, therefore, dif-
ficult to obtain in powder state for being hydrogenated in a
reasonable time. Finally, solid–gas hydrogen absorption in
TiNi alloy is easily hampered due to the formation of sur-
face oxides. As a consequence, martensite hydrogenation has
been mostly performed by electrochemical loading and the
reported data only concerns modifications of the MT behavior
in TiNi alloy by H-uptake[20–22]. Therefore, these studies
do not provide fundamental results on the main hydrogena-
tion properties (i.e., H-thermodynamics and hydride crystal
structure) for the martensitic phase.

In this paper, we describe how the alloy crystal structure
dictates the hydrogenation properties in the TiNi–H system.
For such a study, Zr-substituted Ti0.64Zr0.36Ni alloy has been
used since it allows the hydrogenation of bulk martensitic
alloy up to 400 K[23].

2. Experimental
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graphite monochromator). As mentioned before, powders
from the starting alloys are difficult to obtain. To overcome
this problem, alloy structures where studied from thermally
degassed hydride samples. Desorption was performed under
secondary vacuum up to 603 and 733 K for the “as-cast” and
“melt-spun” alloys, respectively. XRD data were refined by
the Rietveld method using the Fullprof program[24].

3. Results and discussion

EPMA analysis for the as-cast alloy shows a major
phase (98%) of composition Ti0.64(1)Zr0.34(1)Ni1.02(1) and
minor (Ti,Zr)2Ni-type precipitates (2%). The melt-spun al-
loy is chemically homogeneous with composition Ti0.656(2)
Zr0.350(2)Ni0.994(2).

XRD data for “as-cast” and “melt-spun” alloys are com-
pletely different as can be observed inFig. 1. As a matter
of fact, the “as-cast” alloy has a martensitic-type structure
whereas the “melt-spun” alloy is of austenitic-type. This re-
sult is in agreement with previous DSC analysis showing
that the “as-cast” alloy undergoes the reverse MT at 423 K,
whereas no transformation is observed for the “melt-spun”
alloy above room temperature[23]. As austenitic-type alloy
is obtained by a non-equilibrium route, this phase is thought
to be metastable at room temperature.
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Two Zr-substituted TiNi-type alloy ingots with nom
al composition Ti0.64Zr0.36Ni were elaborated by inductio
elting from the pure elements (purity 99.95%). The ing
ere melted five times under secondary vacuum and tu
ver between each melting to ensure their homogeneity
f them was subsequently annealed at 1273 K for 2 w
nder argon atmosphere. The second one was melt-sp
er helium atmosphere over a stainless–steel wheel ha
urface velocity of 19 m/s. This sample was obtained as
ibbon 40�m in thickness. These two alloys will be refer
o as “as-cast” and “melt-spun” alloys, respectively. A
omposition was analyzed by electron probe microana
EPMA) in a Cameca SX-100 instrument operated at 15

As concerns hydrogenation properties, solid–gas
urves for both alloys were obtained in a volumetric devic
73 K between 10−3 and 1 MPa of deuterium pressure. D

erium was used instead of hydrogen to allow a latter neu
iffraction study that will be published elsewhere. Howe

or the sake of simplicity, the term “hydrogen” will be us
n the following. Before hydrogenation, samples were ch
cally etched with 10%HF solution for 30 s to remove s
ace oxides. After PCI measurements, hydrided sampl
elected concentrations were subsequently cooled to
emperature in order to study their crystal structure. As r
f hydrogenation, as-cast alloy is rendered as fine pow
hereas melt-spun alloy is only embrittled.
Alloy crystal structures before and after hydrogena

ere studied at room temperature by powder X-ray diff
ion (XRD) using Cu K� radiation in aθ–θ diffractomete
Bruker AXS D8Advance equipped with backscattered
-

The results of Rietveld analysis for both alloys are s
arized inTable 1. For “as-cast” alloy, besides the mon

linic martensite phase, two secondary phases are det
n austenitic-type (Ti,Zr)Ni (6%) phase and (Ti,Zr)2Ni phase
7%). The increased amount of (Ti,Zr)2Ni phase (7%) as com
ared with that found by EPMA for the starting alloy (2

s thought to be caused by minor oxygen contamination
ng the hydrogen absorption/desorption process. Oxyg
nown to favor the formation of Ti2NiO-type precipitates[9].
i0.64Zr0.36Ni martensite has the same crystal symmetr
iNi martensite[16]. Main effects of Zr-substitution are
xpansion of the unit-cell-volume (8.5%) and the increas

ig. 1. XRD data and Rietveld analysis of “as-cast” and “melt-sp
i0.64Zr0.36Ni alloys. Calculated diffraction pattern (continuous lin
iffraction line positions (vertical bars) and difference curve at the s
cale (below) are given.
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Table 1
Structural data of “as-cast” and “melt-spun” Ti0.64Zr0.36Ni alloys

“As-cast” Ti0.64Zr0.36Ni AB alloy
SG =P21/m, a = 3.0601(6)Å, b = 4.0736(6)Å, c = 4.9046(9)Å, β = 103.75(1)◦, V/AB = 29.74(1)Å3

(Ti,Zr) 2e (0.375(1), 1/4, 0.210(5)),B = 0.34(7)Å2Ni 2e (0.077(1), 1/4, 0.670(5)),B = 0.34(7)Å2

secondary phases:Pm3m – austenite-type (Ti,Zr)Ni: 6(1)%,a = 3.084(1)Å, Fd3m (Ti,Zr)2Ni-type 7(1)%,a = 11.611(4)Å
Rwp = 11.2%,Rp = 8.68%,RB1 = 7.9%,RB2 = 6.8%,RB3 = 16.3%,χ2 = 4.12

“Melt-spun” Ti0.64Zr0.36Ni AB alloy
SG =Pm3m, a = 3.0781(2)Å, V/AB = 29.166(3)Å3

(Ti,Zr) 1b (1/2, 1/2, 1/2),B = 2.2(1)Å2, Ni 1a (0, 0, 0),B = 2.8(1)Å2

Rwp = 7.37%,Rp = 5.90%,RB = 3.83%,χ2 = 2.47

Space group (SG), cell parameters (a, b, c, β), normalized cell-volume (V/AB), atomic coordinates (x, y, z), displacement factors (B) and reliability factors
(Rwp, Rp, RBi for each phase,χ2).

the monoclinic distortion (β-angle changes from 97.78◦ to
103.75◦). As concerns to the “melt-spun” alloy, XRD data is
well-fitted with a CsCl-type structure. Zr-substitution induces
a cell-volume expansion of 6.4%. Cell-volume expansion in
both austenitic and martensitic structures is due to the differ-
ences of atomic radii between Ti and Zr atoms (rTi = 1.47Å
andrZr = 1.60Å).

PCI absorption curves at 373 K for both alloys are shown
in Fig. 2 and were discussed in detail in previous publica-
tions[23,25]. “Melt-spun” austenitic alloy forms ABH1.5 �-
hydride at 1 MPa with no plateau pressure. On the contrary,
“as-cast” martensitic alloy absorbs up to 2.6 H/AB at the same
pressure while displaying a flat plateau pressure at 0.06 MPa.
This plateau reveals the existence of two hydride phases (�
and �) with hydrogen concentrations of 1 and 2.2 H/AB,
respectively. In order to study the crystal structures of the re-
ported hydrides, each hydrided sample was cooled down to
room temperature under hydrogen atmosphere (dotted lines
in Fig. 2). Final concentration for the�-austenitic hydride is
1.60(5) H/AB and that of the� + �-martensitic hydride is
1.8(1) H/AB. Last composition was chosen to obtain equal
contribution to XRD data from both hydrides.

XRD data for both hydrided alloys are shown inFig. 3and
the results of the Rietveld analysis are summarized inTable
2. As concerns to the “melt-spun” alloy, the metal sublattice

Fig. 2. PCI absorption curves at 373 K for martensite (“as-cast”) and austen-
ite (“melt-spun”) Ti0.64Zr0.36Ni alloys. P–C path on cooling to room tem-
perature is shown by a dashed line.

preserves the CsCl-type structure upon hydrogenation. Con-
trary to binary TiNi alloy[19], no tetragonal distortion oc-
curs, which may be related to the structural disorder induced
by Zr-substitution. In fact, such disorder is reflected by the
high displacement parameterB-value of Ni (BNi = 5.5Å2)
that can be attributed to a random variation of the local con-

T
S rogenation

065(7)Å, V/AB = 31.31(1)Å3, �V/V = 5.3%
.2(1)Å2

144(1), 1/4),B = 1.7(5)Å2Ni 4c (0, 0.431(1), 1/4),B = 2.1(1)Å2

/V = 10.4%

S B), hydrogen-induced cell volume expansion (�V/V ), atomic coordinates (x, y, z),
d se,χ2).
able 2
tructural data of “as-cast” and “melt-spun” Ti0.64Zr0.36Ni alloys after hyd

Hydrided “as-cast” alloy, H/AB= 1.8
�-phase: 49(1)% SG =Cmcm, a = 3.1577(6)Å, b = 9.901(2)Å, c = 4.0
(Ti,Zr) 4c (0, 0.149(1), 1/4),B = 1.7(5)Å2Ni 4c (0, 0.429(2), 1/4),B = 3
�-phase: 51(1)% SG =Cmcm, a = 3.2401(5)Å, b = 10.287(2)Å,
c = 4.2239(8)Å, V/AB = 35.20(1)Å3, �V/V = 18.3%, (Ti,Zr) 4c (0, 0.
Rwp = 7.59%,Rp = 5.96%,RB1 = 7.52%,RB2 = 6.89%,χ2 = 1.87

Hydrided “melt-spun” alloy, H/AB = 1.6
�-phase: 100% SG =Pm3m, a = 3.1812(2)Å, V/AB = 32.19(1)Å3, �V

(Ti,Zr) 1b (1/2, 1/2, 1/2),B = 1.6(1)Å2Ni 1a (0, 0, 0),B = 5.5(3)Å2

Rwp = 8.54%,Rp = 6.68%,RB = 4.782%,χ2 = 1.87

pace group (SG), cell parameters (a, b, c), normalized cell-volume (V/A
isplacement factors (B) and reliability factors (Rwp, Rp, RBi for each pha
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Fig. 3. XRD data and Rietveld analysis of “as-cast” and “melt-spun”
Ti0.64Zr0.36Ni alloys after hydrogenation. Calculated diffraction pattern
(continuous line), diffraction line positions (vertical bars) and difference
curve at the same scale (below) are given.

figuration of the neighboring Ti and Zr atoms around the Ni
position. In addition, hydrogen uptake induces a cell volume
expansion of 10.4% with respect to the Ti0.64Zr0.36Ni alloy.

Diffraction data of the hydrided “as-cast” alloy is much
complex. The monoclinic symmetry of the original alloy is
modified since the XRD pattern is fully indexed with two
orthorhombic CrB-type phases (S. G.Cmcm) having nearly
equal contribution. Ni and Ti atoms occupy in both phases
(denoted as� and �) Wyckoff positions 4c (0,y, 1/4) with
yTi ∼ 0.145 andyNi ∼ 0.430. The main difference between
� and� phases lies in their lattice parameters and unit-cell-
volume due to their distinct hydrogen contents. Normalized
cell-volumes (V/AB) are 31.31 and 35.20Å3 for � and �
phases, respectively, which represents a cell-volume expan-
sion as compared to H-free alloy of 5.3 and 18.3%. Therefore,
a high discrete volume of expansion between� and� phases
occurs in the plateau region (13%), which can explain the de-

crepitation of the martensitic alloy after hydrogen charging.
A more detailed description of the crystal structure, hydro-
gen location and composition of these phases, as obtained
by conjoint refinement of XRD and neutron diffraction data,
will be reported in a forthcoming paper.

To summarize, the crystal structures of Ti0.64Zr0.36Ni–
hydrides are related to the parent structures of the alloy. The
crystal symmetry of austenite is not modified during hydro-
genation whereas, for martensite, it changes from monoclinic
(P21/m) to base centered orthorhombic (Cmcm). However,
this transformation can be easily achieved through a slight
distortion of the beta angle in the parent alloy from 103.75◦
to 108.17◦. To this respect, a recent study, based on density
functional calculations, states that the stable structure of TiNi
alloy at room temperature isCmcm, being the monoclinic
structure stabilized by residual internal stress[26].

It is amazing to note that the observed crystal structures
of Ti0.64Zr0.36Ni alloy and its hydrides gather all structures
found in AB systems, where A belongs to IVB metal group
(Ti, Zr, Hf) and B to the first row of VIIIB metals (Fe, Co,
Ni) [27–31]. This is schematically displayed inFig. 4. For
the intermetallics, Fe- and Co-containing compounds crystal-
lize in the CsCl-type structure, whereas Ni-containing com-
pounds are CrB-type. For the hydrides, as refers to the metal
sublattice, Ti-containing compounds tend to be CsCl-type,
whereas Zr- and Hf-based compounds are CrB-type. These
o e ef-
f ure.
A lec-
t tal-
a oy
c y is
c ch is
c ture
a its a
c sCl-

F o, Ni) as stable
c esente� and
a ents, re
ig. 4. Crystal structures of AB-type alloys (A = Ti, Zr, Hf; B = Fe, C
ompound. Cubic, orthorhombic and monoclinic symmetries are repr
tomic radii of the elements (Å) are given at the top and below the elem
bservations indicate that both electronic and lattice-siz
ects play a key role on the stabilization of a given struct
s a matter of fact, the increment of both the atomic e

ronic density (from Fe to Ni constituents) and the me
tomic radii (from Zr to Hf constituents) favors AB all
rystallization into the CrB-type structure. This tendenc
onfirmed by the sole effect of hydrogen absorption, whi
apable by itself to transform CsCl- into CrB-type struc
s occurs in ZrCo and HfCo compounds. TiNi alloy exhib
rossover behavior as regards crystal stability between C

before and after hydrogenation. FeZr and FeHf alloys do not exist
d by, �, and♦ symbols, respectively. Outer-shell electronic configuration
spectively. (∗) Distorted CsCl-type structures.
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and CrB-type structures, which is probably due to a compen-
sation effect between the minor atomic radii of its constituents
(rNi = 1.24Å, rTi = 1.47Å) and the highest electronic den-
sity of Ni (4s23d8 electronic outer shell configuration).

4. Conclusions

The martensitic transformation in TiNi-alloys is very
sensitive to chemical modifications and thermo-mechanical
treatments. This could be regarded either as a drawback to
easily get reproducible results, or as a benefit to tailor the ther-
mal stability of martensitic and austenitic phases as a function
of sample composition and microstructure. This advantage
was used for the synthesis of Zr-substituting TiNi alloy with
either martensitic or austenitic structures at a given tempera-
ture. Thus, on one hand, by partial substitution of Ti by Zr, MT
temperature is increased. This facilitates hydrogenation of
the low-temperature monoclinic structure. On the other hand,
by using a non-equilibrium technique such as melt-spinning,
MT temperature is decreased and Zr-substituting TiNi alloy
can be stabilized in the austenitic phase at room temperature.
This procedure has allowed us determining the hydrogena-
tion properties of austenitic and martensitic phases for the
same chemical composition Ti0.64Zr0.36Ni. Both cubic and
monoclinic structures absorb hydrogen reversibly with dis-
t f the
p ption.
O or-
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c
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Condens. Matter 1 (1989) 2473.
[16] Y. Kudoh, M. Tokonami, S. Miyazaki, K. Otsuka, Acta Metall. 33

(1985) 2049.
[17] R. Burch, N.B. Mason, J. Chem. Soc., Faraday Trans. I 75 (1979)

561.
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