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INFLUENCE OF THE HYDROGEN SATURATION TEMPERATURE
ON THE STRUCTURE OF MELT-SPUN TizZr4sNixs ALLOY
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The influence of hydrogen saturation temperature on the structure and phase composition of the melt-spun
TizZrssNiys alloys, heat-treated in hydrogen atmosphere at different temperatures (400, 450, 500 °C) for 4 hours, was
studied. Using X-ray diffraction analysis it was found that hydrides, formed during the hydrogenation process, were
based on the Laves phase L-TiZrNi and (Ti, Zr),Ni, a-(Ti, Zr) phases. Structural models of these phases were
constructed and a model for filling these phases with hydrogen was presented. Electron microscopic study showed that
the surface of the samples had no significant changes during the hydrogenation process. Also, it was established the
influence of the hydrogenation temperature on the concentration of oxygen and nitrogen gas impurities in the samples.

INTRODUCTION

Ti-Zr-Ni alloys have received much attention in
recent years due to their ability to absorb fairly high
amount of hydrogen. Moreover, the alloys desorb most
of the absorbed hydrogen in the moderate temperature
range of 400...500 °C without phase transformation.
The hydrogen uptake depends on the structure state of
material. The microstructure and phase content of the
Ti-Zr-Ni alloys, presenting Laves phases, amorphous
phases or quasicrystals, is strongly dependent on the
chemical composition and way of production. It was
found that amount of absorbed hydrogen by melt-spun
TizgZrssNiss alloy was about 1.7 wt.% [1]. However, the
maximum absorbed hydrogen uptake for Ti-Zr-Ni alloys
was up to 2.3 wt.% [2-4]. The purpose of this paper is
to establish the correlation between microstructure,
phase composition and hydrogen storage capacity of as-
cast and melt-spun Ti-Zr-Ni alloys.

EXPERIMENTAL

Basic TizpZrssNiys alloy was prepared by vacuum
arc-melting of high-purity components in the pure Ar
atmosphere (Ti—99.98%, Zr—99.98%, Ni—99.98%).
The as-cast ingot was then melt-spun under pure argon
using a copper wheel with a surface speed of 30 m/s.
Typical thickness of melt-spun TisgZr,sNi,s ribbons was
about 40...60 um. The hydrogenation was performed in
the gas phase. The H, pressure was 0.5 atm within
4 hours under 3 different temperatures of 400, 450,
500 °C [5]. The following samples were taken for this
study:

TizeZrssNiss arc-vacuum melted ingot;

TizeZrssNizs melt-spun alloy;

TizeZrssNiss melt-spun alloy + H, at 7= 400 °C;

TizeZrssNiss melt-spun alloy + H, at 7= 450 °C;

TizeZrssNins melt-spun alloy + H, at 7= 500 °C.
A DRON-4 diffractometer with Cu-Ka-radiation
was used to study crystal structure and phase
composition of samples by X-ray diffraction (XRD).
Phase composition and structural parameters of phases
were determined by Rietveld refinement (Powder Cell,
Maud). The hydrogen amount in the hydrides
(stoichiometric coefficients in the chemical formula)
was determined by approximating the corresponding
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literature values of the relative change in the unit cell
volume [6-8].

SEM and EDX analyses were performed using
QUANTA 200 3D microscope and Pegasus 2000 probe.
The oxygen and nitrogen content was measured by
LECO TC-600 gas analyzer. The accuracy of O, and N
measurements was 0.05 ppm. The hydrogen desorption
from the alloys was studied by MX7203 mass-
spectrometer in the temperature range of 0...800 °C [9].

RESULTS AND DISCUSSION

Diffraction patterns of the investigated samples are
shown in Fig. 1, the results of XRD analysis are
presented in Tabl. 1. As-cast ingot (sample 1) presents 2
phases: hexagonal Laves phase L-TiZrNi (C14 type,
MgZn, structure type) [10] and a-(Ti, Zr) phase (solid
solution, based on Ti and Zr). The weight fractions of
present phases are equal approximately 98 wt.% of
L-TiZrNi and 2 wt.% of a-(Ti, Zr). Lattice parameters
of Laves phase are: a=5.2250 A; ¢ =8.5509 A, unit
cell volume equal to V =202.17 A%, It is impossible to
determine lattice parameters of a-(Ti, Zr) solid solution,
due to the small amount in the sample there is only one
diffraction line of this phase on the diffraction pattern.

XRD analysis of the melt-spun alloy (see sample 2,
Fig. 1,a) shows that specimen has two-phase structure of
the Laves phase and (Ti, Zr),Ni phase (Ti,Ni-type with
FCC structure, space group is Fd3m [11]). The main
phase is L-TiZrNi Laves phase with lattice parameters
a=52294 A; ¢=8.5621A, the unit cell volume is
V =202.78 A%, As can be seen, the lattice parameters
(and the unit cell volume) of the Laves phase after melt-
spinning are greater than the corresponding values for
the as-cast sample. Weight fraction of the L-TiZrNi
phase in the sample is 86.2 wt.%. Besides, the sample
contains a (Ti, Zr),Ni phase (with lattice parameter
a=11.913 A and unit cell volume V = 1690.69 A%). In
this phase a part of the Ti atomic positions are replaced
by Zr. According to the Vegard’s rule, the relationship
between Ti and Zr is determined (Xy;=0.33;
Xz~ 0.66). The weight fraction of (Ti, Zr),Ni phase is
13.8 wt.%. Awvailability of (Ti, Zr),Ni phase is caused
by the presence of oxygen in metal matrix
(~ 0.132 wt.%), which destabilizes the quasycrystalline
i-phase and the Laves phase [12-14].
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Fig. 1. XRD patterns of the samples: a — melt-spun TizgZr4sNiys alloy; b — melt-spun TisgZrssNiss + H, at 7= 400 °C;
¢ — melt-spun TizgZrsNiss + Hy at 7= 450 °C; d — melt-spun TizgZrssNiys + Hy at 7= 500 °C

Table 1
Results of the XRD analysis
Weight . Unit cell Relative change in the
No Phase composi?ion, % Lattice parameters, A volume V, A® | unit cell volumegAVN, %

1 L-TiZrNi 98 a=5.2250, ¢ = 8.5509 202.17 —
a-(Ti,Zr) 2 — — —
) L-TiZrNi 86.2 a=>5.2294, c = 8.5621 202.78 -
(Ti,Zr),Ni 13.8 a=11.913 1690.69 -

L-TiZrNiH; 1 82.0 a=5.4280, c =8.9191 227.58 12.7

3 (Ti,Zr),NiH, 3 9.6 a=12.586 1993.72 17.9
(Ti,Zr)4Ni,O 8.4 a=11.398 1480.76 -

4 L-TiZrNiH g9 97.9 a=5.4160, c = 8.8938 225.93 11.4

(Ti,Zr),NiH, 5 2.1 a=12.616 2008.01 18.8

5 L-TiZrNiH g7 96.3 a =5.4040, c = 8.8927 224.90 10.9
(Ti,Zr);NiHy 3.7 a=12.270 1847.28 9.3

After the hydrogenation of melt-spun alloy at
T'=400 °C it is revealed three phases in the sample (see
Fig. 1,b). The main phase is L-TiZrNiH,, hydride
(weight fraction — 82.0 wt.%). Lattice parameters of the
L-TiZrNiH,, phase are: a=5.4280 A; c=8.9191 A,
and unit cell volume equal V =227.58 A® (AV = 25.8
and AV/V =12.7%). Besides the Laves phase hydride
there is a (Ti, Zr),NiH, 3 hydride with weight fraction
9.6 wt.% in the specimen. Lattice parameter of this
phase is equal to a=12.586A; unit cell volume
V =1993.72 A® and AV/V = 17.9%. Also, the oxygen-

containing phase (Ti, Zr);Ni,O [14] is revealed in the
sample in amount of 8.4 wt.% (lattice parameter
a=11.398 A, unit cell volume V=1480.76 A%).
Judging by the lattice parameter, this phase does not
participate in the hydrogen storage process. Apparently
the presence of oxygen blocks the hydrogen diffusion
into the lattice.

After the hydrogenation of melt-spun alloy at
T =450 °C (see Fig. 1,c) the main phase in the specimen
is Laves phase hydride L-TiZrNiH; g (weight fraction is
97.9 wt.%). Lattice parameters of the L-TiZrNiHyg



phase are equal: a = 5.4160 A; ¢ =8.8938 A, unit cell
volume is V=225.93 A® (AV =23.2, AV/V = 11.4%).
Also, (Ti, Zr),NiH,5 hydride coexists in the sample
(weight fraction — 2.1wt.%, lattice parameter
a=12616A; V=2008.01A% AV=317.32, and
AVIV = 18.8%).

After the hydrogenation of melt-spun alloy at
T=500°C (see Fig. 1,d) two hydrides coexist in the
sample: Laves phase hydride L-TiZrNiH;g; (weight
fraction 96.3 wt.%, lattice parameters are a = 5.4040 A;
¢ =8.8927 A, unit cell volume equal to V = 224.90 A%
and (Ti, Zr);NiH;; hydride (weight fraction 3.7%wt,
lattice parameter a=12.270A; V =1847.28 A%).
Relative change in the unit cell volume of the Laves
phase is AV/V = 10.9%. Relative change in the unit cell
volume of the (Ti, Zr),NiHy; hydride is AV/V = 9.3%.

® Volume of elementary cell

230 4 227.58
225.93

2249

Cast Meltspun  H2 T=400°C H2T=450°C H2T=500"C

Fig. 2. Relative change in the unit cell volume
of the Laves phase L-TiZrNiH, hydrides

Analysis of the obtained data shows, that relative
change in the unit cell volume of the Laves phase (due
to the hydrogen atoms implantation) has maximum
value after the hydrogenation at 7= 400 °C and is equal
to AVIV=12.7% (Fig. 2). This value decreases with
increasing the hydrogenation temperature. Therefore, it
is obviously that the L-TiZrNi phase absorbs the
maximum amount of hydrogen at 400 °C. A graph

(Ti,Zr),Ni

(Ti,Zr);NiH, 5
b

dependency of the relative change in the unit cell
volume of L-TiZrNiH, and (Ti, Zr),NiH, phases on the
hydrogen stoichiometric coefficient is shown on Fig. 3.
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Fig. 3. Dependency of the relative change in the unit
cell volume of L-TiZrNiH, and (Ti, Zr),NiH, phases
on the hydrogen stoichiometric coefficient

On the basis of the published data [4] and conducted
XRD studies the crystal structure models of the phases,
presented in the samples, were built. Analysis of the
L-TiZrNiH, 1, structure model shows that its unit cell
consists of 22.5 atoms (12 of them — metallic atoms, and
10.5 — hydrogen atoms). Wherein, hydrogen in this
crystal structure does not completely occupy its
positions. In the case of 100% hydrogen site occupancy
it is theoretically possible to obtain structure
L-TiZrNiH, H:M ratio 4:1 (hydrogen storage
5.73 wt.%). This theoretical structure should consist of
60 atoms, 48 of which are hydrogen. Crystal structure
models of the L-TiZrNiH, phase with different
hydrogen content are shown in Fig. 4,a.

':é),,ﬂ

L-TiZrNiHy,
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(Ti,Zr),NiH,

Fig. 4. Crystal structure models of L-TiZrNiH, (a) and (Ti, Zr),NiH, (b) phases with different hydrogen content
(© —Ti; © —zr; ©® —Ni)



The same way analysis of the (Ti, Zr),NiH, 5 crystal
structure shows, that its unit cell consists of 176 atoms
(96 metallic atoms and 80 hydrogen atoms). In the case
of 100% hydrogen site occupancy it is theoretically
possible to obtain the structure (Ti, Zr),NiH, with H:M
ratio 4:3 (hydrogen storage 1.98 wt.%). Such theoretical
structure should consist of 224 atoms, 128 of which are
hydrogen. Crystal structure models of the (Ti, Zr),NiHy
phase with different hydrogen content are shown in Fig.
4,b.

In the L-TiZrNiH, Laves phase hydrogen atoms
occupy primarily polyhedral voids between titanium and
zirconium atoms (Zr,Ti, polyhedron). This is due to the
fact that zirconium and titanium atoms have a larger
radius, 2.16 and 2.0 A, respectively, in comparison with
nickel atomic radius 1.62 A. Therefore, the voids
between them are the largest, as it seen in Fig. 5, where
the structure models of L-TiZrNiHy, and (Ti, Zr),NiH,
phases are shown. After the occupying of the polyhedral
Zr,Ti, voids hydrogen is located in polyhedral Zr,TiNi

voids. This polyhedron is slightly smaller than the
previous one, since one titanium atom is replaced in it
by nickel. In the last place hydrogen occupies positions
in the Zr,Ni, polyhedral voids. Here, the atoms are
located most densely, so hydrogen is the most difficult
to occupy the corresponding position.

The situation with the (Ti, Zr),NiH, phase differs
crucially from the L-TiZrNiH;,. As can be seen on
Fig. 5,b, in the (Ti, Zr),NiH, phase hydrogen is located
primarily in the large octahedral (Zr, Ti)s voids, and
then in smaller tetrahedral Ni, voids. Considering the
small number of possible voids with a much larger unit
cell size (96 metallic atoms in (Ti, Zr),Ni and 12 in
L-TizrNi;  V=1690.69 A> and V=202.78 A,

respectively), it is obvious, that (Ti,Zr),Ni phase has a
lower hydrogen storage potential. And in the case of
TisZrssNiss melt-spun alloy, it is undesirable, as it
reduces the total hydrogen storage capability of the
samples.

Fig. 5. Polyhedral models of L-TiZrNiH,, (a) and (Ti,Zr),NiH,4 (b) phases

Additionally, special attention should be paid to the
O, control in as-cast and melt-spun alloys and
contamination during hydrogen absorption process due
to oxygen ability to decrease the hydrogen storage
capacity. Firstly, the presence of oxygen destabilizes the
i-phase and the Laves phase. Secondly, the presence of
oxygen in the alloy leads to the formation of an oxygen-
containing phase (Ti, Zr);Ni,O, which is practically not
involved in the hydrogen accumulation process. The
structural model of the (Ti, Zr)4Ni,O phase [14] is
shown in Fig. 6.

@

Fig. 6. Crystal structure model of (Ti, Zr)4Ni,O phase

Tabl. 2 and Fig.7 shows the results of EDX analysis
of as-cast and melt-spun samples. An analysis of these
data shows that all the samples correspond to a given
value of TizgZrisNiys for titanium, zirconium and nickel,
but they have a significant amount of interstitial
impurities as oxygen, nitrogen, and carbon. Moreover,
the content for oxygen and nitrogen are inversely
proportional to the dependence: the amount of oxygen
was maximal in the melt-spun samples and decreased
with increasing hydrogen temperature, and vice versa,
the amount of nitrogen is minimal in the melt-spun
samples and increases with increasing hydrogen
temperature.

Zr

Ti

l Ni
A Zr Zr
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Fig. 7. EDX spectrum of melt-spun TizgZrsNi,s alloy
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Table 2
The composition of the investigated samples

Element ;‘;ﬂ; T=400°C |T=450°C |T=500°C
Ti 2791 | 278 | 2809 | 27.77
Zr | 4252 | 4223 | 4214 | 4248
Ni | 2351 | 2318 | 2366 | 23.75
0 229 | 135 | 173 | 048
N 241 | 316 | 302 | 371

It should be noted that the oxygen and nitrogen
content obtained by EDX analyses differs significantly
from the data obtained with the LECO TC-600 gas
analyzer. The results of the LECO TC-600 gas analyzer
for the nitrogen and oxygen are shown in Fig. 8.
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Fig. 8. Nitrogen and Oxigen content in the TizyZrssNios
alloys: a — LECO, b — QUANTA 200 3D

This  discrepancy can be explained by
methodological differences. The principle of the gas
analyzer is to measure the gas content when the sample
is completely melted in a graphite crucible, thus, the
obtained data show the volume content of oxygen and
nitrogen in the sample. With EDX analysis on a
scanning electron microscope, the obtained data show
the elemental composition in a thin near-surface layer
(1...2 um). Given the high adsorption capacity of this
composition to such gases as O, and N, the surface of
the samples is contaminated while they are in the air
between saturation with hydrogen and measurement.

The graph in Fig.8,a shows that an increase in the
amount of oxygen and nitrogen is observed in the
process of hydrogenation, due to contamination of
samples from the gas phase. This is due to the presence
of impurities of O, and N, in hydrogen. The inverse
proportional dependence of the amount of oxygen and
nitrogen in the test samples, obtained from EDX data,
indicates that during hydrogenation, some of the oxygen
from the surface is reduced to H,O and the surface is
cleaned.

And the more intense, the higher the saturation
temperature. While nitrogen still accumulates more
actively in the near-surface layer, as the saturation
temperature increases. In addition, comparing the results
of both studies, it can be concluded that during the
saturation of H, from the gas phase at temperatures of
400...500 °C, some oxygen and nitrogen pass from the
surface into the sample volume.

SEM analyses (Fig. 9) showed that the structure of
the samples did not undergo significant changes in the
hydrogenation process in this temperature range.
Hydrogen dissolves in the crystal lattice of the sample
without forming local clusters in the bulk of material
and along the grain boundaries, which also confirmed
by XRD analysis.

To eliminate the contamination of samples with
oxygen and nitrogen during hydrogenation, TizgZrssNis
alloy was annealed in the pure hydrogen atrmosphere
obtained by thermal decomposition of titanium hydride
at temperatures above 500 °C with preliminary vacuum
pumping, which aimed at removing other gas
components. XRD pattern of the sample after
hydrogenation in the pure hydrogen is shown in Fig. 10.
As can be seen, the annealing in pure hydrogen lead to
the formation of two hydrides, based on L-TiZrNi Laves
phase (C14) and o-(Ti,Zr) solid solution. The main
phase in this sample is L-TiZrNiH, 1, (weight fraction —
92.4 wt.%; lattice parameters: a=54273 A;
c=8.8969 A; V =226.96 A3; AV =25.2;
AVIV = 12.5%). In addition to the Laves phase hydride,
the a-(Ti, Zr) phase is also present in the sample in an
amount of 7.6 wt.%. The Ilattice parameters are:
a=3.03A; c=482A, V=383A% AV=04
AVIV = 1.1%. Giving the small change in the volume of
the unit cell for a-(Ti, Zr), one can say that this phase
practically did not participate in the hydrogenation
process.

It was observed that the sample did not undergo
formation of the (Ti, Zr),NiH, or (Ti, Zr);Ni,O phases
during the hydrogenation process in the pure hydrogen
atmosphere. It is known that latter phase has a
detrimental effect on the absorption capacity of the
material. Thus, the absence of oxygen impurities in the
hydrogen atmosphere is an important factor in
increasing the absorption capacity of this system and a
necessary condition for achieving theoretically possible
573wt.% H, in L-TiZrNiHy, (in the case of
theoretically 100% filling possible positions with
hydrogen).

In addition, it is necessary to lower the
hydrogenation temperature, as according to the X-ray
data, the maximum amount of hydrogen was absorbed
under 7' =400 °C.

SUMMARY

The influence of hydrogen absorption temperature
on the structure-phase composition of melt-spun
TizeZrssNins samples subjected to heat treatment in a
hydrogen atmosphere at different temperatures (400,
450, 500 °C) for 4 hours was studied.

XRD analysis revealed that hydrides based on the
Laves phase L-TiZrNi, (Ti, Zr);Ni and o-(Ti, Zr) are
formed during the  hydrogenation  process.
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alloy, heat-treated in the pure hydrogen atmosphere

The main phase controlling the structure of the
samples and the hydrogen absorption is the L-TiZrNi
Laves phase. It was shown that the L-TiZrNi phase at
400 °C absorbs the maximum amount of hydrogen.

Structural models of the phases present in the
investigated samples were constructed and a model for
filling these phases with hydrogen was presented. It was
shown that at a 100% filling of theoretically possible
positions, it was expected to obtain a structure of
L-TiZrNiH;, with the H:Mratio of 4:1 (5.73 wt.%
hydrogen storage).

SEM/EDX study of the surface of the samples was
carried out and it was shown that the surface of the
samples did not undergo significant changes during the
hydrogenation.

The influence of the hydrogenation temperature on
the concentration of oxygen and nitrogen gas impurities
was established.
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BJIMAHUE TEMIIEPATYPbI HACBILMEHUSA BOAOPOJAOM HA CTPYKTYPY
BBICTPO3AKAJIEHHOI'O CIIVIABA Ti3ZrsNizs

A.E. JImumpenko, H.B. Konooui

[IpoBeaeHO HCCIEOBAaHUE BIMSHHS TEMIEPATyphl HACKHIIICHUS BOJOPOAOM Ha CTPYKTYPHO-(ha30BBIii COCTaB
00pasioB OBICTPO3aKaEHHOTo criaBa TigpZrysNis, MOIBEPrHYTHIX TEpMOOOPAOOTKE B aTMOC(epe BOAOPOAA, MPU
pa3nuuHbIX TeMneparypax (400, 450, 500 °C) B Teuenue 4 4. MeTo10M peHTT€HOCTPYKTYPHOTO aHAIM3a YCTAHOBJICHO,
9TO B MPOIIECCE HABOJIOPOKUBAHKsI 00pa3yroTcst THAPHABI Ha ocHoBe (asbl JIaeca L-TiZrNi (C14), dassr (Ti, Zr),Ni u
a-(Ti, Zr). TloctpoeHsl cTpyKTypHBIe MOAeNH (a3, NPUCYTCTBYIOLIMX B HCCIENyeMBIX 00pa3slax, M IpeACTaBieHa
MOJIENb 3anoyHeHus 3TuX (a3 Bomopoaom. [IpoBeneHo 31IeKTPOHHO-MUKPOCKOIIMYECKOE HCCIIEJOBAHNE TOBEPXHOCTH
0o0pa3moB M MOKa3aHO, YTO IIOBEPXHOCTH OOpa3lOB HE MpeTepIeBacT CYIIECTBCHHBIX HM3MEHEHHWH B IIpolecce
HACBIIICHNS BOJOPOJOM. YCTaHOBJICHO BIMSHHE TEMIIEpaTypbl HAaBOJOPOKMBAaHMS HA KOHLEHTPAIWIO T'a30BBIX
TIpUMecei KUCIIOpo/a 1 a30Ta.

BIIJIUB TEMIIEPATYPU HACUYEHHSA BOAHEM HA CTPYKTYPY
HIBUJAKO3AT'APTOBAHOI'O CIIJIABY TizZrsNis

0.€. /Imumpenxo, 1.B. Konooii

[IpoBexeHo mOCHiKEHHS BIUIUBY TeMIEpaTypH HAaCHYEHHS BOJHEM Ha CTPYKTypHO-(a30BHIl Ckiaj 3pas3KiB
MIBUIKO3arapToBaHoro cruiaBy TizgZrssNiss micis TepMooOpobku B atMocdepi BOAHIO TMPH Pi3HHX TEMIepaTypax
(400, 450, 500 °C) mpotsrom 4 roa. MeToaOM PEHTTEHOCTPYKTYPHOTO aHaji3y BCTAHOBJIEHO, IO B IPOIECI
HACHYCHHsI BOJHEM YTBOPIOIOTHCS Tifipuan Ha ocHOBI (das3u Jlaseca L-TiZrNi (C14), dasu (Ti,Zr),Ni ta a-(Ti, Zr).
ITobynoBaHo cTpyKTypHi Moneni (a3, MPUCYTHIX Y JOCTIKYBaHUX 3pa3Kax, i MpeICcTaBiIeHa MOJACIh 3allOBHEHHS
mux (a3 BogHeM. IIpoBeneHO eNEKTPOHHO-MIKPOCKOIIYHE OCTIKEHHS MOBEPXHI 3pa3KiB 1 MOKa3aHo, IO
TIOBEPXHS 3pa3KiB HE 3a3HA€ ICTOTHHX 3MiH Yy IIpOIeCi HACHYEHHS BOJHEM. BCTaHOBJIEHO BIUIMB TeMIlepaTypu
HacHYEHHs BOJJHEM Ha KOHIIEHTPAIilo Ta30BHUX AOMIIIOK KHUCHIO Ta a30Ty.



