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Abstract

Our research focused on the formationTofZraoxNizeCuy (X=3, 5) TissZrzgxNii7Cuy (X=3, 5), TiszZra7.
«Ni>Cu (x=3, 5) and TisgZro4xNi1gCuy (X=3, 5) icosahedral {phase) quasicrystals by three different
techniques antheir subsequent characterization and fpgfssure hydrogenatiomhe quasicrystals of this
system are thermodynamically stable and they baedatively good affinity for hydrogen absormti. The

aim of this research wao study the influence of prosisy parameters on the structure, morphology and
magnetic properties of the material, befond after hydrogen absorption. With a thermogravimeter and an
attached masspectrometer we studied the weight percent of desorbed hydrogeheadidtribution of
desorption temperatures, which gave arsinsight into the hydrogen bonding reergies (sites) in the
material, depending on the structure, composition and hydrogen content.

The icosahedral samples were produced by -aidrgy planetary baithilling with subsequent
annealing at temper at ur e enaperatwes cind RAVAEDIC enérgies of a ¢ u u m.
crystallization were measured hjifferential scanning calorimetry @C) and calculated usinghe
Kissinger equation, respectivelf. strong decrease dhe magnetization duringhe mechanical alloying
was observed due tmodification ofthe nickel dstates.Scanning electron microscog$EM) revealed
the formation of nomhomogeneous agglomeratdisring the mechanical treatmenivith an average size of
100 Om.

Forthe preparation of alloys with different structures, from crystalline, quasicrystalline and amorphous,
we usedthe meltspinning techniqueFirst, the process parameteis., pressure, temperature, distance
between nozzle and cooling whealfation speed, material artde geometry ofthe crucible had to be
optimized. We studiethe dependence dhe ribbongthickness, structure and nragjic properties on the
coolingwheel speed. As expected, the thicknesthefibbons decreasefom abot 1 2 0 adDrfacea t
speedof12 m/'s to 30 Om at speeds alsmanlthethdxagomalsCl4 Al s o, é
Laves phase and cubic solid solution of titanium and zirconium are formed, at middle speed
icosahedral quasicrystalline phasefasmed, whereas at speeds above 35 m/s we get doilgrphous
ribbons. Regardlessf the effect of rotation frequency on the structuhe magnetization (at 1 Tesla) is
constant within the experimental uncertaint linear decrease of qudsitice cell parameter due to
higher amounts of titanium and copper instead of zirconium was obsérsid) transmission electron
micrascopy (TEM) we confirmed thatthe ribbons (spun at 22 m/s) mt@in grainsof icosahedral phase
imbedded in an amorphous matrix witte same compositionThe average particle size thfe i-phase on
the wheel sidef the ribborwasapproximately 50 nm, whereas thre argon sid¢he maximum grain size
was up to 500 nm. Thefbld symmetry(besides 3- and 2fold) was confirmed by selecteatea electron
diffraction and higkresolution TEM which is basic characteristic of icosahedyahsicrystals X-ray
photoelectron spectroscop¥PS) analysis showethatthe thickness of an (zirconium and titanium) oxide
layer on thesurface otheribbons was around @m. Usingtemperature and loading timee havearough
influence on the extent of hydrogen in the sample, where hydrogen ipliase was determined from the
shift in the XRD peaks anithe linear dependence between the [H])/[M] ratidahe quasiattice constant
a;. To measur¢he overall amount (wt%) of hydrogen desorbed and to obttdia hydrogen bonding st
distribution thermegravimetry (TG) with an attached masspectrometer of these materials has been
applied. We also studied Wwaheloaded hydrogen affectese magnetic properties of these alloys.

At the end we did a series of vacugasting experiments with diffent sizes of copper cold molds,2
and 1.5 mm, for samples with the same compositions we usatigfoneltspinning Three milimetre
guenched rods of various compositiomsre hydrided and studied hibrating sample magnetometer
(VSM) to see hovthe magnetic properties are affectedthg absorbed hydrogen. Also, we compatiee
massspectra of hydrogen froitihe quentied rods with those frorthe meltspun ribbons to see hothie
cooling regime affectthe hydrogerbonding energy distribution.



Povzetek \/

Povzetek

Delo v sklopu te doktorske disertacije je obsegalo raziskave zlitin na osnovi elementov titana, cirkonija,
hafnija, niklja in bakra kot TadrpdNaCua(x=3,S5) TeLrgdieui mi S €

(x=3,5), TisaZra7.4xNi2oCuy (x=3, 5) in TisgZra4xNigCl (x=3, 5). Gtudirald@ smo razliln
t .0 i kozaedr i | n-tazgkkvja za rkziiko sd asthlih &vazikrstaley tefmbdinamsko

stabilna in kage relativno dobro afiniteto za a
razlilnih procesnih parametrov na struledinmpo, mo

absorpciji vodika. Z metodo termpr avi metri je s pripetim masnim spe
desorbiranega vodika in odvisnost temperatur desorpcije 0z. vezavnih energij vodika od sitrsletsize/e
materid a ter delega vodi ka.

V prvem sklopu raziskovalnega dela smo se ukvarjali z mehanskim litiem elementarnih prahov v
visoko-energijskem planetarnem mlinu, kjer smo z metodo rentgenske difrakcije opazovali hitrost

nastajanja amorfne faze, i z k atie r50 0sAnGdazdpdoDSE & r mi |
met odo smo prej dol ol il temperaturo kristalizac
aktivacijsko energijo l¢ e . Opazili smo zmanj dganje magneti zacij
izraziti modifikacji niklievih d-st anj . Vrstilna elektronska mikros
nastajajo aglomerati, katerih povprela velikost

notranjost aglomeratov bogata s cirkonijem.
Za pripravo ifaze, pa tudamorfne in kristalne, smo uporabili tudi uHnéro ohlajevanje taline s t.i.

rotacijskim kalsjpeimmnjneemmggcang.Speée mal ts mo mor al i opti
temperatur o, t 1l ak, razdal j o me dtegdterbnaterial m geomedrippi | n i
talllnega l on| k a S to tehniko priprave smo ¢gtud,i
magnetne Iastnostl tako dobljenih trakov. Kot sm
12m ®dri obodni hitrosti 12 m/s na 30 Om pri hitr
kontroliramo strukturo material a; od heksagonal n
cirkoniija, preko i ko z a eednjih hitraséh, do papalriorkar amertneafhze eri f a z

hitrostih nad 35 m/s. Ne glede na to, da se struktura spreminja s frekvenco rotacije, pa je magnetizacija,
merjena pri gostoti zunanjega polja 1 Tesla, konstanta v okviru eksperimentalne napake. Op#zili smo
l inearno manj gdganje konstante kvazi kr iSdranantisijsko r e
el ektronsko mikroskopijo smo pokazali, da trak
faze v amorfni matrici enake sestavevprd n a v e | Hdee\sttaku na straniihladilnega valja je
okol i 50 nm, medtem ko je velikost zrn na strani
di frakcijo i zbranega -lpooldirjoilvioast n® A EtDr)a nismskopijo js ® k @
(HRTEM) smo neposredno potrdili obstojg5t e vne si meinr2igievioedpl @eg mater.
znal il na =za i kozdRSdnalizh je pokakzalaada ijekdebelina (arkoaijeve in titanove)
oksidne b a st i na povi7@mniS ttreakper aot kuorgmbok a ntl ras loimr d nach k
absorbiranega vodika, kjia zaif azo i zralunamo iz premika rentgen:
med razmerjem [H]/[M] in kvazmr e g ne k @ B setmogravimetraan (TG) s pripetim masnim
spektrometrom j e bil o mogole dololiti celokupno
porazdelitev vezavnih mest vodika. Gtudiral. s mo
Na koncu smo opravildi ge BEpaigobpaskusmivi wmakeduli
dobili vzorce pal il aéntsiceh3, dib 1.5 nkn, z eaakiiniiséstaviarhi kopame jihe r o
uporabili za ultreh i t r o r ot i rVajoalce kalejmemrjae.3 mm razl il nih
gtudiwvpliv navodi| enja na magnetne |l astnosti, z 1
na porazdelitev vodikovih vezavnih energij, v primerjavi z masnimi spektri vodika iz trakov.
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Abbreviations

BCC = body-centered cubic

BMG = bulk metallicglasses

BSE = backscattered electrons

CCh = chargecoupled device

DOE = Department of Energy

DOS = density of states

DSC = differential scanning calorimetry

DTA = differential thermal analysis

EDS = energy dispersive spectroscopy

EFG = electric field gragent

e.g. = for example

ESCA = electron spectroscopy for chemical analysis
etal. = and ceworkers

FCC = facecentered cubic

FFT = fast Fourier transformation

FWHM = full width at halfmaximum

GFA = glassforming ability

HRTEM= high-resolution transmissioelectron microscopy
HT = heattreatment

ie. = that is

JJ = Josephson junction

JSI = Jogef Stefan I nstitute
MA = mechanical alloying

NMR = nuclear magnetic resonance

PEM = protortexchange membrane

RF = radio-frequency

rom = revolutions per minute

SAED = selecteearea electron diffraction

SEM = scanning electron microscopy/microscope
SEI = secondanelectron imaging

SQUID = superconducting quantum interference device
TEM = transmission electron microscopy/microscope
TG = thermagravimetry

TTT = temper#uretime-transformation

VSM = vibrating-sample magnetometer

XPS = X-ray photoelectron spectroscopy

XRD = X-ray diffraction

WD = working distance



2 Introduction

1 Introduction

As we know, matter can exist in four states, i.e. solidjdiggasand plasma, depending on ftee energy.

Since this energy tends gpontaneouslyninimize, plasma turns into gas by cooling, gas condenses into
liquid and by further cooling liquid solidifyies into solid matter, which is the ground state of every known
element or compounalt absalte zero In this thesis we will focus on the last mentioned transition, namely
liquid-solid. At this transition atoms often tend to form crystal structures, since the free energy of crystals is
often lower than of disordered mattBXepending on the coalg rate by which the liquid condenses itite

solid state, one can get different crystallographadifications For instance, all metals form crystallites

upon cooling. If we have multiple phase system, one must set the proper cooling rate to getdrityeainaj

the desired phase, according to phase diagram of this system. To grow phases with lower free energies, one
must apply lower cooling rates, and vice versa. Beside free energy, nucleation rate of single phases affects
the final microstructure of theaterial as welllf we increase the cooling rate to the point of undercooling,

we end up with amorphous or-salled glassy materials, where atoms are in positions as they were in the
liquid state. This is done by rapid quenching, where cooling rateswle higher than the crystal growth

and even nucleation. Some materials exist only in this modification (glass) or have highbedglass

forming ability (GFA), which means that the cooling rate can be much lower to achieve the amorphous
modification This class of materials belong to, normally, ternary alloys and are known as bulk metallic
glasses (BMG). Amorphous materials are metastable and thus crystallize at elevated temperatures. The
third state of solid materials is quasicrystalline state, vlianetastable modification between amorphous

and crystalline modification, from free energy and crystallographic point of view. Namely, some ternary
metallic systems form metastable phases upon proper cooling, which sh&w1® and 12fold rotation
symmetries, whi ch wer e iforbiddeno i n classical
guasicrystalline state of matter was discovered.

Two dimensional patterns and crystals can be built up from a single unit of pattern called a basis, by

repeded translations, due to two vector operators, known as unit vectors. Unit vectors outline a repeated

area of a pattern called a unit cell. Repeated translations of unit vectors mark out a grid of identical points

in space, called a lattice. The definitioha lattice is very important and is given as: a repeating pattern of

points, each point having the same surroundings. The concept that patterns and crystals can be built by
associating an identical basis in the same way with each point of a lattickeasuee of periodic or

commensurate crystal structures. Such structures have no interstitials and have 2, 3foldamdagional
symmetries that are all owedigurdln écl assicalc¢ crystall

Figurel: Schematic representation of ajadd, b) 4fold and c) 6fold crystallographic symmetry.

On the other hand, quasicrystals show rotational andriomge translational symmetry gniThus they
possess soalled incommensurate periodicity, related to irrational numibegolden section, which
originates from fivefold geometry, shown ifrigure 2. In many years of researching quasicrystals and
complex metallic alloys in general, scientists have explained the metastabilitye&thetures and found
few cases of thermodynamically stable quasicrystals.
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a) b)

Figure 2: a) 11 udtbi atefadgsgmbnetfy sheéviisdhat rhomboedral interstitials are formed while
trying to fill 2D plane with regular pentagons, b) simulation for a Laue pattemayXfrom an icosahedral
quasicrystal, whereby the-pay beam is along one of the fi®ld axes.

1.1 Quasicrystals

Since the discovery oAl-Mn gquasicrystals by Danh@chman in 1984, great interéstthe examination
and ajplication of these materials hdsen shown.Namely, the revolution that followed, with its
unavoidable and probably fruitful coatersies, forced new progressadnr understanding of the atomic
arrangements in solids, since that order in condensed matter is not necessarily imposed by simple
translation symmetry as was thought before. This revolutionary concept turned into a mera ge
crystallography, which proves very useful nowadays to understand complex intermetallic systems
comprising hundreds or thousand$ atoms per unit cell. Quasicrystals are very interesting and
comparatively new phase of solids, theysses strange ad uniqgue mechanical, physical and chemical
properties, and what is the most important, from the crystallographic point of view, they show just long
rangetras | ati onal forbidde 04, B-c10 oryl2faldnratatidhal symmetries, depending on
the composition andhe cluster type respectivelyThe quasicrystalline state is a third form of solid matter
beside the crystalline and the amorphdige to their position between the disordered and the crystalline
systems, they show strict sphericityugters) as well as planarity, even though the aperiodic Fnoen
quasiperiodicity, new localization properties of electrons and phonons were d@éimegthodynamically
stable icosahedral {flold symmetry) alloys have been found irtlAlCu (Ball et al.,1985), AFCu-Fe (Tsai
et al., 1987) Ti-Zr-Ni (Viano et al, 1995, Zn-Mg-Dy (Sato et al., 1997) systems, elomday, some
hundred quasicrystalline phases are known, some tens of which are stable and therewith candidates for
singlequasicrystal growth appachesQuasicrystals have high tensile strength and hardness, but they are
brittle at room temperature. At elevated temperatures they become plastic. Semicdikdubtnaviour
and low thermal conductivity is another interesting feature of quasiciystallloys, which makes them
good candidates as therfpower materials. From their complexitg,pseudegap nearthe Fermi level
arises, which makes these materials stable and gives them unique electronic sttbatucaus@ther
interesting physical pperties, such as catalytic and-bictivity, low surface friction, etc.

The origin ofthe pseudegap atthe Fermi level comes from twiacts: first, is thatthe Fermi surface and
theJones zoneaincide. This is well known HurmmRothery matching rule (Mizani et al., 2004), by which
the stabilityof quasicrystals and ogplex metallic alloys is governedhis rule is denoted ds, ~ 2k,
wherek; is the momentum of electrons at the Fermi level, lgnid the width of the predominant Brillouin
zone. Among them, k, can be defined experimentally ltige X-ray diffraction technique based on an
Equationl,

k= 4" sind/ @& 1)

where & is ttheXRWavealdéemgt mnofand d i s t hediffdétionf r act i
peak. On the other harki,can be calculated by the following expression

k= €r8)™ @
basedon tre nearlyfree electron theory (Mizutani et al., 2004), whergN(e/a)No} / M) , the/ a i s
number of valence electropgr number of atom$ypi s t he Avogadro constant, |

atomic weight of an alloy, respectiveBy usingthe HumeRothery matching rule most dhe complex
metallic dloys and quasicrystals wediscovered in the past 25 years.

Furthermore, partial 3p density of staf@0S) of aluminium alloys in crystal structures show no
energy gap neahe Fermi energy and thus tresilloys possasmetallic behaviour. But, if the structure
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becomes quasicrystalline (of the same compositibe)3p density of states moves away from the Fermi
level and pseudgap shows up, giving these materials semicondiiknature.

Thesecondeasorfor pseudegap formationin quasicrystalline alloys isybridization of spd electrons
moving valence ¢tates oftransition metals from the Fermi surfadéhis phenomenom has an optimal
effect on phase stability, since orthe occupied states gehifted to lower energies, whereas those shifted
to higher energies are empty. Subsequently, the total system tendsotgamite into the optimal state.

If we summarize the HurrRothery rule it says, the more complex the alloy is, the larger psgpdo
forms and thushe more stablghe structure is (Poon, 1992, Stadnik, 1999 well known that the efa
constant and efeariant lines are common features in quasicrystalline systems, and the ideal composition of
guasicrystals in a given ternaryssgm lies at the crossing point of these two lines. These lines constitute
the empirical criteria to search for ideal ternary quasicrystals compos{t@iaag, 2004).

One of the most interesting challenges in quasicrystal research has been the firmbingeations
among the unique structural and determined physical properties of these materials. Especially, substancial
posibility existed that the neperiodicity of the atomic arrangement may influence the electronic and
magnetic properties of quasicgstGavi | ano et al ., 2004, investigated
electrical resistivities of weltharacterized icosahedral and amorphous phases;s§gupV 1, between 2
and 350 K. A temperatwiadependent Pautype susceptibility was observed fibre icosahedral phase,
above 100 K, whereas below 100 K it decreases with decreasing temperature, ithehgrig a small gap
in the DOS at the Fermi levellhe aithors also revealed that the icosahedral structure does not favor the
formation of localizd V magnetic moments, since the 6 of amorph
On the other hand, no major changes in the electrical resistivities of those two phases were observed.

Furthermore, Chernikov et al., 1993, investigated quasicrystallip®AsPd, and discoverednly a
very small fraction of the Mn ions participate in a spin glass transition. And yet more generally, several
authors (Lasjaunias et al., 1995, Gavilano et al., 2002, Rau, 0304262) have reported in quasicrystalline
Al-Pd-Mn alloys, only a very small fraction of the Mn ions are magnetic.

1.1.1 Ti-Zr-Ni quasicrystals

Among the manyjuasicrystals, the I4r-Ni alloy appears particularly interesting dudhe formation of a

stable and welbrdered icosahedral phaggtroud et al.1996, Kelton et al., 1997, Davis et al., 2000l)i-

Zr-Ni quasicrystals have been mainly prepared by rapid quenching, e.g. melt spinning (Kelton et al., 1997,
HuttunenSaarivirta, 2004, Dubois, 2000, Rud et al., 2005)powder metallurgye.g. mechanidalloying

(MA) with subsequent annealifjonstanchuck, 200 akasaki, 2004)

In 2001 Konstanchuck et al. reportidtt theTiysZragNi 7 icosahedral phase can be formed directly by
mechanical alloying at the acceleration of 406°mvhere after 1 hourrpctically all XRD peaksf initial
mixture of elements vanish, and only two very broad peaks of the icosahedral phase are obsenZd. Afte
hours of MAi-phase peaks become more intense, even though they still remain broadened substantially.
The heatred ment of this sample in an inert atmosphere f
phase peaks.

Three years later, in 2004, Takasaki et al. reported cditsmmg that are in contrastkbonst anchuckdés
results. Namely, Takasaki performed mechanalidying of the same material, i.&i45Zr3gNiy; and
revealed the XRD peaks of elemental metals are dramatically decreased after MA for 2.5 hours, showing
the elemental powders become alloyed at an early stage of MA. The same observation as Konstanchuck's
only without any sign of broadghase diffraction peaks. Furthermore, Takasaki reported that amorphous
state appears after MA for more than 7 hours. But what is more important and contradictory is his claim
that he iphase could not be formetirectly by mechanical alloying, since dynamic force (mechanical
collision) leads to chemical inhomogenity of the final products, making it difficult to produce a single
guasicrystal phase powddihe only logical explanation for this discrepancy betwiseresultsobtained
by these two authors are the experimental conditions of the mechanical treatment. Namely, Takasaki used
ball-to-powder weight ratio 8:1 and acceleration 15Fmvhereakonstanchuck used ball mass to sample
mass ratio 20:1 and acceleration 604152, Clearly, iphase can be formed upon mechanical alloying, but
only at more severe conditions.

In 2002 Kelton et al. constructed a cut of theZiHNi ternary phase diagram for equal Ti and Zr
concentrationgrigure3. The high temperature bodgntered cubic (BC-Ti/Zr solid solution phase (a=
0.343 nm for equal Ti:Zr content) is the primary solidification phase for alloys made with a low Ni content,
since the solubility of nickel in Ti/Zr solid solutions is poor. Eutectic at tNA1 at. % has been revealed.

For higher nickel contents, thmolytetrahedral C14 Laves phagexagonal Pgmmc, a= 0.529 nm and c=



Introduction 5

0.842 nm is the primary solidification phase. At [Ni} 17 at. %, iphase is formed by a solglate
transformati on -fifZresold solbien (Pl/smcaar©.814 hm add c= 0.492 nm) and the
C14 Laves phases ataroundB, ( Kelton and Gi bbons, 1997) .
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Figure 3: Schematic vertical section of -Zr-Ni phase diagram along a line of equal Ti and Zr, shgwhe
phases that form in equilibrium (Kelton et al., 2002).

Molokanov and Chebotnikov, 1990, have showsZNi i-phase is formed in the wide concentration
interval by melt spinning, which is associated with a wide range of Laves phase exitgnoe4. It
appears that quasicrystalline phase is formed
(Ti/zr) solid solution since icosahedral coordination shells domiivatee structure of former one.

.QC

¢ Crystalline

* QC + Crystalline

Ti Ni ZrTiNi ZrZNi

—=2Zr(at.%)

Figure4: Compositional range for the formation of quasicrystalline phases in rapidly solidifiegNiiZr,Ni-
Zr alloys is denoted by dash line, Molokanov and Chebotnikov, 1990.

Qiang et al., 2004, have reportedytirevealed a broad buljuasicrystaforming region in TiZr-Ni
systemas wel| described byhe general formul&TixZri00x)100yNiy (43.75 < x < 81.25, y = 17, 20 at. %).
Among these, TiZrsoNiy is the optimal composition, where a nearly pure bulk ignggtalline sample
can be achievedrigure5. Al s o ,-a h H(E/Br)lbolid solution phases and/or Giiype Laves phase are
found to coexist with the majorityghase, though as minority phases, with a slightation from the ideal
composition Crystallographic dataf Ti/Zr-rich phases in TZr-Ni alloy system are given ifablel.
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® c1-NiTi,,
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Figure5: Ternary phase formation sectioor fTi-Zr-Ni alloys. Green line denotethe phase field of TZr-Ni
guasicrystals revealed by Qiang et al., 20DHeir predicted ternary-TisoZrsoNisg (red point),located at the
crossing point of two efgariant lines TiNi-to-Zr and ZpNi-to-Ti, is just slightly different from reported
(Kelton et al., 2002)ernary quasicrystals compositiofTiis; 2141 Niy7 (blue point).

Phase Crystallographic data/nm Compositions (at.%)
o-(T1,Zr) hP2, P6:/mmc a-(T1): a = 0.295, ¢ = 0.468 TiZtg0_x
a-(Zr): a =0.326, ¢ =0.515 (x = 0-100)
B-(Ti,Zr) cl2, Im 3 m, B-(Ti): a = 0.3306 Ti Zrg0_x
B-(Zr): a = 0.3545 (x = 0-100)
Ti,Ni cF96, Fd 3 m, a = 1.1278 Tigs7Niaa 7
Zr>Ni t112, 14/mem, (0.6477, 0.5243) Zrgs7 Niaa 7
1/1-W phase cll62, Im 3, a= 14317 Tis; ZraaNig
TisaZr4oNiyg
C14-TiZrNi hP12, P6s/mmc, a =10.5142-0.5191 (Tijo0—xZ1y)2Ni
MgZn, type ¢ = 0.8433-0.8520 (x=21-30)
B-1QC Metastable icosahedral phase Tip Ni
I phase Low-temperature stable ar =0.512 TisaZr»7Niyg
Icosahedral ag =0.516 TiysZrgNiy;
Tig3Zr 4o Niy;

Tigy sZrqy sNij;

Table 1: Crystallographic data of the reported Tifzgh phases in the 34r-Ni alloy system (Qiang et al.,

2004).

Icosahedral quasicrystals halage density oftetrahedrd) coordinatedinterstitial sites, which are
believed to bestructurally favourable for hydrogen absorptiand thus give these novel materials
challenging opportunities fro the technological point of view (Stroud et al., 1996, Takasaki et al., 2006)
Since hydrogen atoms prefer sites close to hydrfigemdly atoms like Ti and Zr, this suggests that the
Nii Tii Zr icosahedral phasensuld be a good, relatively leeost candiate forhydrogenstorageand
hydrogen batterynaterias. Previous reports (Viano et al., 1998; Kelton and Gibbons, 1997) have described
how Tii Zri Ni quasicrystals can absorb large amisuof hydrogen, equivalent to H/M value closelta.

This is signifi@ntly higher than the weknown value of H/M~ 1 for LaNk-type materials. However,
hydrogen absorption from the gas phase in tHeTWZr i-phase requires pressures of up to 40 bar and
elevated temperatures to overcome the thin, sudaitke barriey which is inherent to theompounds in

boththecrystalline and quasicrystalline stafg$ano et al., 1995Kim et al., 1998

Like in other quasicrystalline systen&-Zr-Ni alloys can as well undergzhase transformationgon
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thermal treatmentfrom amophous with the highest free energy to quasicrystalline phadefimally
crystalline, i.eC14 Laves phas a #Td, Zr)lUsolid solutionwith the lowest Gibbs free enerdyigure6.

With sufficient undercooling, stastable i(TiZrNi) nucleates in preference to a polytetrahedral C14 Laves
phase, suggesting a local icosahedral order in the liquid. Namely, the fact that the formatiorpbbtee i

is favored over even the polytetrahedral C14 phase is strong evidemnmeshhedral order in these liquids.

amerphous (milling; rapid auenching)

Gibbs Eree Energy

(14 Laves and a/B-phase

#

Figure6: Thermodynamic stability of phases in4ii-Ni alloy system.

The earliest reports of coppeontaining Ni Tii Zr alloys were by Wang et al. (Wang and Inoue, 2001)
in 2001. They prepared amorphous alloys with 10%atCu and crystallised them through multigkep
exothermic reactions. The metastabfghase was found to be approximately 20 nm in size, and at higher
temperatures this phase decomposed into stable dnestphases. In 2002 the same group repodn
melt-spun TioZrisNi1sCuio(Wang et al., 2002). They found that with low wheel speeds of 10 m/s atable
Ti/Zr, Ti,.Ni and TbCu phases were formed, atiZ®) m/s an iphase was formed directly, and at higher
speeds the ribbons consisted of a mixture-pliase and increasing amounts of amorphous phase. In 2003
the group expanded their investigations to look at a rafg®ppercontaining alloys TiZrasNizoxCu
(x=0, 1, 3, 5 and 7) produced by melt spinn{i¢ang et al., 2008. They reported thahe formation of
the rphase, hves phases and the amorphous phase depemdttk thickness of the ribbgnse. the
cooling wheel speedrigure?.

a) b)
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Figure7: XRD patterns oflissZrssNi;;Cus ribbons, mebks pun at a) 10 m/ s (86 N 5 &m
2 em thick); Wang et al. 2003a.

They also reported that the cooling rate.the diameter of the cting copper cold mdd, has a strong
influence on the phases formed in cast rédgre8. EDS measurements indicated that tiphédse had an
approximag composition of TpZrsgNisCup.
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Figure8:XRD patterns of castissZrssNii7Cus bulk samples with diameters of 3, 2 and 1 mm (Wang, 2003a).

Liu et al., 2008, have reported abdlg amorphous forming ability OFissZragNisYy (X=1, 3, 5 and 7)
alloys improved with increasing Y content.

In 2006 Mechler et al.reported on the stability of the icosahedral quasicrystalline alloy
ZrgasTiin Niiz dCuio s under radiation with swift heavy ions and characterised the microstructure of the
guasicrystalline phase with-day diffraction and transmissioglectron microscopy (TEM). In the same
year the crystallographic and electrochemical characteristics ob&zfNi;Cus + xNi (x= 0, 5, 10, 15,
and 20 mas$%b) quasicrystalline alloy ball milled with nickel powdeerg investigated by Liu et ali(1
and Wang, 2006). The powders consisted of amorphouphaseand Nibased phases. The Ni was
suggested to improve the electrochemical characteristics and indirectly enhance the Hdiffecaipty in
the bulk alloy. The kinetic and electrochemical propestieof an icosahedral quasicrystalline
TissZrsNi;;Cug alloy powder as a negative electrode material for iadviti battery were investigated at
different temperatureby Liu et al. (Liu et al., 2006b The exchange current density and the diffusion
coefficientof hydrogen in the bulky electrode were found to rise with increasing temperature.

More recent studies by Liu et al. (Liu et al., 260®ave looked at icosahedral quasicrystalline
TissZrasNi;Cus alloy powder that was bathilled with 20 mass % Ni. Thefound that the amounts of
icosahedral quasicrystalline and Ni phases decreased when thalldadl time increased from 30 to 180
min. In 2007 Qiang et al. (Qiang et al., 2007) reported that spiglee quasicrystals can be obtained by
the casting methbfor compositions of TZrsoNizg and TisZr4NigCus, and a bulk glassy alloy is formed
at the composition of TiZrssNi;3Cuypo.

However, Lefaix et al., 2008, have reportdtht the phase selection criterion asfunction of
solidification route remainsngelear from the structural point of view. By performigeries of planar flow
casting experiments dhe TissZrsgNiy; alloy, using different processing parametdi®ey obtaned a
mi xture of nanoscal eahph @ding ratehhe icgsdhedralphapelpedpdated at t
an intermediate cooling rate or after annealing a crystallized amorphous matrix. The formation of
quasicrystals in the amorphous matrix contaigi pérticles is shownni the competition between
icosahedral and boeyentered cubic (BCC) phases during the solidification prodéesh p hase seems
havealower nucleation barrier thathe quasicrystalline for this composition. These observatioirsce
with the phase diagram of -Eir-Ni alloys detailed by Kelton et al., 2002, for an equal ratio of Ti and Zr,
Figure3.

Reports of the interaction of NIii Zr coppercontaining phases and their interactioa eestricted to a
report by Guo et al. (Guo et al., 2002) They looked only at amorphous and crystalline ribbons, and found
that the amorphous material could absorb hydrogen to a maximum H/M value of 1.41, some 17.6 times
more than in the corresponding stalline phase. They attributed this to the electronic structure and the
favourable chemistry fonhlrogen in the amorphous alloy.

In the presenPh.Dwork we investigated the formatiaf mechanically alloyed and thermatieated,
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melt-spuin and vacuunrtast icosahedralli-Zr-Ni and TiZr-Ni-Cu phases and the mat
absorb hydrogen from a gaseous environm@&ot. our best knowledge no reports ¢ime magnetic
properties, i.e. hysteresis curvesthe temperature dependence of magnetizatitie temperature
dependence of susceptibilithe magneteresistance, etc., have been reported feZrfNi alloys, so far.

With this dissertatiorwe thus triedo explain the mgnetic nature ofthe TiZr-Ni-based quasicrystalline,
amorphous and crystalline phes, as well.

1.1.2 Cell parameter calculation

By using wellestablished mathematical model for indexing icosahedral structures (Cahn et al., 1986) we
were able to index our -fay and electron diffraction spectra with six Miller indices and d¢aieu
correspoding i-pha® cellparameteg,.

Themost common symmetry of quasicrystals is icosahedral, which is decrilibdibysahedraim35
spacegroup, containing6 five-fold axes, 10 thretold axes and 15 twinld axes These axes are
schemdtally shown on a ployhedron calledan icosahedron,which describesthe icosahedral
guasicrystalline structur&jgure9, andhas 15 triangular faces joining in 12 vertices.

5-fold
3-fold

2-fold

Figure9: Icosahedron, with correspding 5, 3- and 2fold rotationzone axes.

1% Brillouin zone of icosahedral quasicrystéligure 10, is almost a sphere, thus this structure is
energetically favourable despiits complexity This is an answer why nature favours complex structures.
Of course, icosahedral structure is not enough for stability of particular quasicrystalline system, namely
substancial pseudgap at the Fermi level should form as well. Anothguontant fact should be mentioned
and explainedat this point, related to sphelike 1% Brillouin zone of icosahedral quasicrystaNamely,
quasicrystals do not have conventional cells, like we know from classic crystallography, since due to the
lack oftranslational periodicity size of their cells is infinite, and thus tH&Brillouin zone converges to a
perfect sphereAnd so number of Xay, electron or neutron diffraction spots converges to infinite as well.
It should be noted that icosahedralstkrs (Bergman type in “Hr-Ni system) are glued together by so
called glue atoms, again forming icosahedral struaitifarger scale, which is repeated to the limit of the
grain, by preserving this quasicrystalline order. We yse eéharacterize an avage or relative interatomic
distance in such quasilattice and can be thought as a side of a Bergman cluster.

Figure10: The first Brillouin zone of icosahedral quasicrystal.

As mentioned before, icosahedral quaaitals havea forbidden 5fold symmetry and the lack of
translationa periodicity makes itdifficult to indexthneiicr yst al 0 pl anes -mgex usi ng
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Miller indexation in a cubic coordinate system.
If we consider a plane or reciprocal spaosifion with an index of the form

(h+hz,k+K7z, +1'7) 3

that is where

H=h+hoU K= k+koU |, L= I +1 06U 4
in which the h, ho, Kk, k 6, | -iamdle X 6n ocatraet iaolnl (ihn/thebg, e
desigrate such reflection U d e thegtoelsdien secti on or gol den mean, i nfi

which is unavoidable for describing and indexing icosahedral quasicrystal struanads closely related

to fivefold symmetry, since this is the @ibetween the length of the diagonakipentagon and its side.
Thusitcan be cal cul at e d/5)2s 1.618034THe glden sneaB i6 dso relatéd tre

Fibbonacci chain (@;.= &, + &.1), and can be obtained as@ a,, whennlimt s t o D .origh@esa u s e §]
from this chainthefollowing identities are characteristic for it, and were usedfiermatrix calculation of

fivefold rotation about [100] axis, which is not me
P =1+7
5)
1
—=7-1
T

What is more important is the imposition thie so-called parity condt i ons t hat the three
k+l 6 and | +hé are even: after fivefold rotation the
conserved If all diffraction spots are in this form, the pattern comes fthmquasiperiodic structure.

Furthermore, we then focus on indexing of the main directions. The six fivefold axes are all of the form
(100), which c endexectation (LM §/1 0/()?. The kep threefolkl axes have two different
denotations: four are along (111) or (1/0 1/0)a n d s i X10)eot (&/11g0 0/Q)UThree of the twofold

axes are along the cube axes, &Y&) ot(®lel/ld/@mai ni ng 12

Every spot irthereciprocal threelimensional quasilattice occurs as a surtheinteger multiples of a
finite number (more than 3) of vectors. For instance, there exist 6 vectors alongtblg faxes, given by
Equation 6

6
Q= Zni a; (6)
i=1

where they; are integers ang are( 1 Uwizh in 6index notation is

qi= (1/0 0/1 0/0)

a= (0/1 0/0 1/0)

g= (0/0 1/0 0/1)

Q= (-1/0 0/1 0/0) @)
gs= (0/1 0/0-1/0)

9= (0/0-1/0 0/1)

The set of six numbersf can be considered #windexing ofQ. The same set can also be considered to
be a sixdimensional lattice vector. To press Q in terms of the threémensional cubic coordinates we
substitute set7) in Equation(6) and perform the summation,

Q: ((nl - n4) /(nz + ns)’ (ns - nG)/(nl + n4)’ (nz - ns)/(ns + ne) (8)

This transformation enatdels to go from the sikimensional @ctor(ny, ny, s, Ny, Ns, Ne) to the sixindex
threedimensional vectof h/ hdé, . k/ ko6, | /1 6)
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h=n-n,
h'=n, +n,
k=n,—n,
K'=n+n,
[=n,—ng

I'=n, +ng

(9)

and vice versa

2n, =h+k'
2n, =l +h
2n, =k+1I'
2n, =—h+k'
2n, =—1+n'
2n, =—-k+1'

(10

The form of Equation&0 shows thaf in the sixindex notation obeys the parity rules, which originate
from extinction rules and lead to four kinds of positions:

six even indices,

four even indices (odd/even, even/odd, even/even),
two even indices (even/odd, odd/even, odd/odd),
six odd indices

PwnpE

Furthermore, the square of Q is in the form
Q> =N+Mr (12)

6
N=2>n*=h?+h?+k*+k?+1%+1?

i=1

(12)

M =h?+k?+1%+2(hh +kk +11")
In three dimensions the six vectors along the fivefold axes are not orthogonal. Thus we daa ®izk t
cubic space in which each of these vectors is a basis vector along a hypercube axis that is perpendicular to
all others. Six mumbers then represent a position of vector in 6D cubic reciprocal lattice, Bdugagon
15 gives the correlation amorige positions in 3D and 6D spaces.

Q is adimensionless parameter, so we must introduce a-thimgensional quasilattice constaitsuch
that the threelimensional diffraction vectdcand the interplanar spacing are givey

ke Q (13)

do
v N +72M

The length of the sixlimensional reciprocal lattice constauét is related tod,, by

a,d, = 2(2+7) (15

and the length of the threkmensional lattice constast, in real space is derived from, as

d(h/h,k/k'1H/1") = (14
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a, - €V2_ (16

Dimensionless parameters for #ixlex notation of the four most intense icosahedral peaksray X
diffraction patterns are given ifable2.

dimensionless indexation zoneaxis
N M, Qg Q. (h/ ho, k/ (n;) -fold
18 29 64.92 0.45 (1/2,2/3,0/0) 100000 5
20 32 71.78 0.76 (0/0,2/4,0/0) 110000 2
52 84 187.a 0.47 (1/0,1/1,0/1) 101000 2
72 116 259.69 0.90 (2/4,4/6,0/0) 200000 2

Table2: Table of dimensionless parameters fan@ex notation ofhefour most intensephase XRD peaks.

A fit parameten, is set saha the calculated 2 values match to the observed ones. For this operation
it is enough to take judhe first fourmost intense peaks: (100000}, 10000), (101000) and (200000).
Table3 shows a example of such serempirical calculation o0&, for TissZrssNiyCus i-phase. Results of
this indexation are described in detail section 4.3For this particular casa is set t01.960 nm and from

Equation 195) a; is then 1372 m . Using EquationX6) &, is calculated to b&.15 . XRD data were
measuredbyGK U r adi ati on vwenghh 1.5405 | wave
(ni) d”(hm™) 29
100000 4.11 36.9
110000 4.32 38.9
101000 6.99 65.2
200000 8.22 78.6

Table3: Indexation ofTissZrssNi;;Cus i-phase XRD spectrum fapuasilattice cell parametes, determination.

1.2 Metallic glasses

To achievethe formation ofan amorphous structure even during slower cooling, the alloychhe made

of three or more components, leading to complex crystal units with higher potential enemjoaed
chance of formation. Thatomic radiusf the components has be significantly different (over 12%), to
achievea high packing density and low free volume. The combination of components should lzave
negative heat of mixing, inhibitingrystal nucleation and prolongitiige time the molten metal staystire
supercooledtate. Amorphous alloys have a variety of potentially useful properties. In particular, they tend
to be stronger than crystalline alloys of similar chemical compositionhaycdcin sustain larger reversible
("elastic”) deformations than crystalline alloys. Amorphous metals derive their strength directly from their
noncrystalline structure, which does not have any of the defects (sudislasation$ that limit the
strength of crystalline alloys. One modern amorphous metal, knoWitra®y, has a tensile strength that

is almost tvice that of highgradetitanium However, metallic glasses at room temperature areuuiiie

and tend to fail suddenlwhen loaded irtension which limits the material applicability in reliability
critical applications, as the impending failure is not evident. Therefore, itheansiderable interest in
producing metal matrix compositenaterials consisting of a metallic glass matrix containing dendritic
particles or fibers of a dutd crystalline metalThe tiermal conductivity of amorphous materials is lower
thanthatof crystals. As formation of amorphous structure relies on fast cooling, this limits the maximum
achievable thickness of amorphous structufgaorphous metal is uslia an alloy rather than a pure
metal. The alloys contain atoms of significantly different sizes, leadiadptw free volume (and therefore

up to orders of magnitude higher viscosity thareptietals and alloys) ithe molten state. The viscosity
prevents the atoms moving enough to form an ordered lattice. The material structure also results in low
shrinkage during cooling, and resistance to plastic deformation. The absegmai dfoundarieshe weak

spots of crystalline materials, leads to better resistaneeeéwand corrosion Amorphous metals, while
technically glasses, are also muchgherand less brittle than oxide glasses and ceramics.
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http://en.wikipedia.org/wiki/Dislocations
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http://en.wikipedia.org/wiki/Titanium
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http://en.wikipedia.org/wiki/Corrosion
http://en.wikipedia.org/wiki/Toughness

Introduction 13

This term refergo amorphousmetallic materials, with a disordered atonsicale structure. In contrast to
most metals, which arerystallineand therefore have a highly ordered arrangemerdtams metallic
glasses are netrystalline. There are several ways in which amorphous metals can be produced, including
physical vapor depositigiolid-state reactionion irradiation melt spinning andmechanical alloyingWe
usedthelast two mentioned techniques to prepar&ilHf)-Ni-(Cu) amorphous alloys.

In the past, small batches of amploous metals have been produced through a variety of-qaakng
methods. For instance, amorphous metal wires have been produced by sputtering molten metal onto a
spinning netal disk. The rapid cooling, dfie order of millions of degrees a secondods fast for crystals
to form and the material is "locked in" a glassy state. More recently a number of alloys with critical cooling
rates low enough to allow formation of amorphous structure il thiers (over 1 millimeter) haveeen
produced, these afnown as bulk metallic glasses (BMY which showstrengths much greater than
conventional steel alloy&ven though these materials are very hard, suder from alack of ductility. In
the scientific conmunity there isgreat interest to increasie plasticity of metallic glasses, which would
increase their technological application potentRgrhaps the most useful property of bulk amorphous
alloys is that they are true glasses, which means that they soften and flow upon heating. This allows for
easyprocessing, such as Imjection molding in much the same way aslymers As a result, amorphous
alloys have been commercialized for use in sports equipment, medical devices, and as cases for electronic
equipment. For instance, they are widely used foi-gjab coatings, sincéhe elastic energy stored inside
the metallic glasses (high Young modulusgreases the speed tbk golf ball by up to 20 % compared to
conventional materials.

BMGs always possess strong glmsning abilties, which makes it more eadg achieve the
amorphous state even at the intermediate cooling rate, for instance fodt8d K/s (noue, 2000, Wang et
al ., 2004, Loffl er etheBMA alloy and its @l&8sformind dbikty afe alepemdenti o n
on the composition and design technique, as well. Based upon different considerations several composition
rules foa BMGs have been reported by Wang etiml2004. Dong and ceworkers(Wang et al., 2003b,
Chen et al., 2003, Dong et al., 2004) proposed a quantitative criteria to optimize and design the proper
composition of various BMGs by using the specific e/a (\a@eglectron per atom) and, @verage atomic
diameter) parameters in the given alloy phase diagram. They claim, for a particular system, BMGs,
quasicrystals and corresponding crystalline counterparts belong to a series of electrohapliagasery
similar e/a value, which catmenbe used agne/aconstant criterion for the formation of BMGs (Wang et
al., 2003b). Qiang et al., 2007, have verified the validity of this criterion on a sefieZeNi-Cu alloys,
havinga constant e/a value. They studigg: relationship between BMG and its crystalline counterparts
from the viewpoint of electronic and atomic structurBise samples used were -ggienched 3 mm rods.
Their experimental results and theoretical analysis revealed that all phases match tHeothenerule,
and they are a group of efanstant electron phases. They confirmed that thecgfstant criteria for
BMGs is valid in the TZr-Ni-Cu glassforming system, which implies the e/a factor hasmportant role
in stabilizing the amorphous phee together with its related phaseghase, C14 Laves, and solid
solutions).

The first metallic glass was ailoy AugeSiyp producedby Pol Duwezin 1957. This and other early
glassforming alloys had tdbe cooled extremely rapidly (d¢he order of onemegkelvin per second,
10° K Alsto avoid crystallization. An important consequence of this was that metallic glasses could only be
produced in a limited number of forms (typically ribbons, foils, or wires) in which one dimension was
small so thathe heat could be extracted quickly enough to achieve the necessary cooling rate. As a result,
metallic glass specimens (with a few exceptions) were limitealthicknesses of less than one hundred
micrometres

1.3 Crystalline phases

1.3.1 C14 Laves phase

Laves phases havbe general formula AR where the A atoms are ordered as in hexagonal diamond, and

the B atoms form tetrahedra around the A atomsZriNli alloys exist in stable C14 hexagin
modification, where Ni atoms are located on the sites of the hexagonal diamond (lonsdaleite) structure.
This gructure is often callegZn,-type Laves phase, since it is present in this alléne Pearson symbol

of this structure is hP12, which refets the hexagonal space group J#mc. C14 denoteshe
corresponding structure in éStrukturbericht, desi
ZrRe, KNa,, TaFe, NbMn,, UNi,. Figure 11 representshe C14 structure ire few perspectives. If we

think of Ti-Zr-Ni system, then red spheres are Ti and Zr at@)sand green spheres are Ni atoms (A).
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General formula of C14 T4r-Ni Laves phase was proposed by Qiang et. al in 2RB04ontent is always

33 at. %, whereas ratio Ti/Zr varies from 3.76 to 2.33, which gives Ti cobBnt6 at. % and Zr 15 21

at. %. These numbers are giventbgformula (Tiigox Zry)2Ni (x = 21-30). Since the ratio of Ti and Zr in

the structure varies as mentioned, latfeeameters a and c vary aswell;a=51%2. 191 | and c
18.520 i, Qi aThgse aystallegiaphic data@i@ 4 .contrast with reports of Davis et al. in
2000, since the authors claim that the lattice constants for the C14 phase &iaad aomposition
dependence around the values a = 5.23 | and c¢ =

Figurell: C14 Laves phase structure from several perspectives. Green spheres denote A (Ni) atoms.

Depending on the ordering of A atoms,rithare three more Laves phase types: cubic C1iBIGtype
(diamond structure of A atoms), hexagonal C36 Mgioe (moissanitelH CSi structure of A atoms) and
cubic C15MgSnCu-type (Mg and Sn represent A atoms, which forrcatled zincblende B3 struat).

1.4 Hydrogen absorption

1.4.1 Hydrogen storage

Global oil souces are running out, but the demdnd this economically important source of energy is
growing from day to day, especially in Asia and other countries with growing population and economy.
This doe not mean only higher prices of crude oil and consequently prices of fuel on petrol stations, but
also means higher level of air pollution, i.e. global warming, photochemical smog in cities with high
population, etc. To keep our planet clean and to peoladrcost traveling and stationary power stations,
independent of oil sources, alternative sources and technologies of cleacaled@reen energy should

be commercialized as soon as possible. Onthepotental clean energy technologieshgdrogenfuel

cells, which convert the enthalpy thfe reaction between hydrogen and oxygen into electricity, where only
water is formed aa side product.

But prototype hydrogen fuel cell vehicles at the moment cost approximately hundred times more than
conventonal vehicles with internal combustion drive. This is partially upon platinum impregnated-proton
exchange membrane (PEM), which is used in fuel cells as catalyst that fasgerdydrogen dissociation
of H2 molecule into protons that diffuse through B membranewhich is the main feature of hydrogen
fuel cell. The membrane is usually NalBn basedpolymer that condustprotons ata certain humidity.
Price of such material is again relatively high, that is arod®@d per 100cm]. Another problem to
conmercialize this technology is hydrogen storage, which might be the most é¢ssado far. Namely,
pressurized hydrogen at 800 bafdstoo risky anddangerous optignsince vast explosiomay occur in
the case of a crash.ddled liquid hydrogen at eer pressure is safer but renonomical, sice extreme
cooling is required4 K) and relative fast evaporation of hydrogen from st@agetank takes placeThe
most promising,rational and safe way to store substanal quantities of hydrogen is abstop in
intermetallic alloys ofa transitionmetalfareearth system, sucas LaNi with dopants (Al, Zn, Cu, Co,
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etc,) in order to create more interstitial space where protons can BoadH]/[M] ratio is the basic
characteristiof hydrogen storage mettials, sinceahis number tells us how many protons (H) aredsaito

one metal atom (M) omverage, whethe material isnormally saturated with hydrogen.oF LaNis this

ratio is approximatelyl.2. Some transition metals and their alloys have the algityeversibly absorb
considerable amounts of hydrogen, sineglainents are active catalysts of the dissociative adsorption of
hydrogen.The anount of absorbed hydrogen and the absorption kinetics depend on interactions between
the hydrogen atoms and thigog. Titanium and zirconium both show a high affinity for hydrogen, afid Ti
ZriNi alloys with amorphous, quasicrystalline or crystalline structures have proved to be excellent
absorbers of hydrogen.

In 2003the U.S. Department of Energy (DOE) stated demhaydrogen storage materials must absorb
at least 6 wt. % of hydrogen for transportational use by the year 2006, and even 9 wt. % of H by the year
2012. Well, up to now no breaktrough in hydrogen storage has been made so far, even though some
materials absty more than 15 wt. % of hydrogen. Sooner or later we come to an obstacle, such as too high
desorption temperature (the most common), unstable structure during hydrogen cycliagpmamical
preparation, cost of starting materials, slow kinetics, lifieeti et. Future investigations are needed to
improve hydrogen absorbtion performance of hydrogen storage materials in order to begin the
commercialization of hydrogren fuel cells. What concernZrili alloys, they can only absorb25 wit.
% of hydrogenwhich makes them applicable only for stacionary use, heavy transportation (boats, trains,
etc.) or for nickel metahydride batteries.

Fromthe scientific point of view metal hydrides are interesting for hydrogen mobility studies by means
of nuclear magrte resonance. Namely, by this technique one is able to detetinginetivation energy of
proton or deuteron hopping in the material, depending on the crystal or electronic structure. Also, different
local environments of protarctan be detected, whichvedifferent bonding energies.

1.4.2 Hydrogen in TiZr-Ni quasicrystals

Ti-Zr-Ni-basedquasicrystals show as godgtdrogen storage performance @mventional alloysor
better Sadoc et al.2002 havediscovered the [H[M] for TissZragNis7 i-phase is 1.7dr loading from gas
phase and even 1.9 for electrolytic loadifibese materials are able to reversibly store important amounts
of hydrogen without forming stable hydridasd they conserve the icosahedral structure as Wedy also
havea lower densitycompared taonventional hydrogen storagegermetallicsthus increasing important
parameter of these materials, hamely the wt. % of desorbed hydrogen.

Several authors have investigated hydrogen positions and dynantlos Hgdrogenatedcosahedral
TissZragNii; phase and revealed that the positions occupied by hydrogen in the icosahedral structure can not
be equivalent, crystallographically or energetically. Shastri et al., 1998, have discoweredi HNMR t h a
hydrogen atoms occupy tetrahedral sites witBiergman clusters, which consist of two concentric
icosahedra, and are not closer than 0.21 nm, which is the theoretical limit of the distance between two
protons.Upon the discrepancy between experimer(féd]/[M] = 1.88) and theoretical Bergman cluster
model data of hydrogen concentratifihl]/[[M] = 1.1) they concludedh substancial amount of hydrogen
probably occupies the linkages (glue atoms) betwhkerBergman clusters. Thus, at least two kinds of
hydrogen atoms exist in the icosahedral structuthehydrogenated’issZrzgNi 7 phase. This hypothesis
was also confirmed by the tingd-flight neutron scattering investigation of hydrogen dynanicse by
Coddens et al., 1997.

Konstanchuck et al., 2001, revealed the hydrogenatianneéchanically alloyé TissZrzgNii7 i-phase
started without an induction tiret the maximum rate antd,pr e ssur e bel owigdreldar ( a
whereas hydriding of the same material obtained by melt spinning usuallyadtarta long induction
period, at 232 6 0 AC and hy d-r40 lpae due W reposts ini seeeral papers (Viano et al.,
1995, Stroud et al., 1996, Kelton and Gibbons, 198Agy think the surface ofghase samples prepared
by mechanical alloying may ctain more defects thamapidly quenched one, and the surfacehefMA
samples can contain clusters of either metal nickel or nickel oxide, which is easily reduced by hydrogen at
230 AC. These nickel i nser ti on soflaydrdgenawdichtishhe rame nt e
limiting step of hydrogen absorption in metafge paid attention tmickel clusters, sinceéhe magnetic
properties of amorphous alloys preparedr®chanical alloying and it spinning camedifferent
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Figure 12: Hydrogenation kinetics of th€issZrsgNij;i-p has e at 230AC: (1, 3) 2 hours

onl vy, (2, 4) MA (2 h) and anR(Hya=l0i8 bay, (3a4P(HY 42 D3.5Ba€C i n
(Konstanchuck tal., 2001).

Several authors have reported about the formation of a surface oxide layer eithergpumeilbbons
or mechanically alloyed powders (Viano et al., 1998, Takasaki and Kelton). 2002 layer was reported
to act as a barrier to hydrogentaige, since hydrogen molecule dissociation occurs on d sweface and
not onanoxide one.

Atomic %

Depth (A)

Figure 13 Auger depth profile for icosahedrdlissZragNiy; stored in air for 30 daysOxide coating is
approximately 1% m thick(Viano et al., 1998

Even though a combination of plasma etching and palladium coating drastically reduces the loading
time of hydrogen in FZr-Ni melt-spun ribbons, allowing absorption at room temperature and enabling
reversible desqtion of he stored hydrogerK{m et al., 1998, suchatreatment is not economical for the
massproductionof this hydrogen storage material. Takasaki et al., 2002, haveasramatiadecrease of
the induction time for hydrogen loading into prélled Ti-Zr-Ni amorphous powdersn a hydrogen
atmosphere. Namely, it is expected that the formation of a surface oxide barrier can be substancially
reduced during preparation under a hydrogen atmosphere.

Viano et al., 1998, have demonstrated the shift-plfidse peakso a lower angle with increasing
hydrogen content, indicating the expansion of the quasilattice asdeydis loaded into the material,
Figure 14. These data were then used to calculate the quasilattice expass#ifunction of hydrogen

Ar

f
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concentrationThe wlume fraction of crystalline (Ti/ZH, phase is negligible and they assumed that the
measured hydrogen content reflects the amount of hydrogen stored-phteei

73 T T T
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Figure14: XRD spectra ofTissZrsgNiq;7 i-phase with different contents of hydrogen ([H]/[M]). Patterns from b)
to e) were obtained by desorbing hydrogen at 400
c(111) is a reflection from the FQQi/Zr)H, phase (Viano et al.1998).

The measured content of desorbed hydrogepressed as [H]/[M] ratio (number of H atoms per metal
atom), was then projected on the expansion of quasilattice corgfarta(culated from XRD patterns by
the method ofElser 1985. They foundhe &, increases linearly with the hydrogen concentration, as
happens in crystalline methydride systems. The calculated formula of this Ifoe this particular
composition is

b_a -

I 01974 (0

Where a; denotes the measured quasilattice constant at the certain hydrogen concentra&g)mend

quasilatticeparameter for the gweparedp h a s e ( b Bquationl7 was pbtained by linear fit of
experimental data, given Figurel5.
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Figure 15. Expansion of the quasilattic®onstanta, as a function of hydrogen concentration in icosahedral
TissZragNizicosahedraphase.
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2 Materials and methods

2.1 Preparation

2.1.1 Mechanical alloying

2.1.1.1 Introduction

Mechanical alloying performed by high energy planetary-iéling is a mechanical opation wherethe
kinetic energy of milling bodies (stainlesgeel balls, 6 mm in diametén our casg is used to alloy

separate elements in form of powders together. Also, this kinetic energy is used for another important

feature, namely when applied flmng enough time it can destrtiye crystal structure of the material. So,

by using this technique one is able to get amorphous alloy in the powder form. Two main disadvantages

occur during this method, first teeloss of the material, since more thazalf of it sticks (welds) on the

mill wall and on the milling balls. And second, powder particles agglomerate, preventing full
amaphization inside agglomerates.

Schematic presentation of planetary 4malilling is shown inFigure16. The name planetary comes from the
planetlike motion of the milling pot, since it is attached on the rotating disk with diafRetehnich rotates

with the angular velocity . Like the revolution of the planet around the Sun. And then the vial with
diameterd,, rotates around its axis with the angular velocity of rotatiokVhen a ball moves from A spot

to B, the potential energy at A spot by the acceleration of disk remoligtiequivalent to the kinetic energy

at B, as given by Equatidi8, Mio et al., 2004.

1
Emvzzmczdm (a = RQ?) (18)
wher e, U means the acceleration acting on a
the revolution radius and the angular velocity
a) b)
A——\” oot ball

\

£2 : angular velocity of revolution

@ : angular velocity of rotation

Revolution speed of the disk: N,

Figure16: a) schematic diagram of the planetary 4maill b) the movement of a ball in a pot, (Mio et al., 2004).

Mechanical alloying experiments for the purpodethis dissertation were done with Fritsch
Pulverisette BaiMill 5 with R = 0.125 m d,, = 0.055 mand rotatiorto-revolution speed ratio equal to
1.25, where the revolution speed of the disk was always set to 200 rpm. From Et@étioorackets) we
calculatedthe acceleratior{U) on a ball in position A from given data, which equals to 55.ms
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2.1.1.2 Experimental overview

The TieZraoNie and TieHf40Niog glassy andquasicrystalline phasesere synthesized by mechanical
aloying of commercially pure€Ti, Zr, Hf and Nielemental powdersvhere an eerage gain size ofthe

powder particles wa35 um. The mechanical treatment was carried out in a-aigrgy planetargtainless

steel ball mill(Fritsch Pulverisette BaiMill 5) for different times namely20, 40, 60, 80 and 100 hours.

Ball massto-sample mass ratio was approxteig 15:1 and the acceleration 55 m%he fully amorphous
samples obtained after 100 hours of mechanical alloyinvere subsequently annealed at various
temperatures in dynamic vacuum ©3° mbar for 2 harrs in order to fornthe icosahedral structure.
Heating rate was set to 10 K/min. After 2 hours of annealing at constant temperature the furnace was
quickly removed in order that theample cooled down naturallin Table4 a set ofthese experimental
conditions isshown.

material milling [h] annealing temperature of a
TigoZraoNizg 0, 20, 40, 60, 80 - - - - - -
TigoZr40Nizg 100 2 hrs. 500 525 550 575 600
TisoHf40Nize | 0, 20, 40, 60, 80 - - - - -
TigoHF40Nizg 100 2 hrs. 420 500 550 700

Table4: Preparation conditions for thi 40Zr40Nize and TioHf4gNiog quasicrystaldy mechanical alloying with
subsequent annealing

2.1.1.3 Mechanical alloying in a hydrogen atmosphere

Planetary balmilling under hydrogen atmosphere was performed at the same conditibiesreeschanical
alloying underan argon atmosphere. The initial hydrogen pressiiré bar decreased upon absorption
during the alloying process. After eacsampling in protective argon atmosphere, the milling vial was
evacuated and refilled with hydrogen up to 1 bar. Afterttiegpressure dropped rapidly for about 80% due

to hydrogen absorption (at room temperature!) into the metal powder inside thehitdl,became quite

warm, since hydrogenation as exothermic reaction. In order to reaghonstant pressui 1 bar, the vial

had to be refilled with hydrogen twice more. This routine was repeated 5 times, after each sampling, which
means substantialmeount of hydrogen was absorbed duritite mechanicalalloying in hydrogen
atmosphere

2.1.2 Melt spinning

2.1.2.1 Introduction

Melt spinningis atechnique used fahe rapid quenchingf liquids. Thecooling wheel is made of copper,

which enables optimal heetmova) and rotatect tangential speeds between 10 and 50 Mthkin stream

of liquid is then continuously ejectezhto the wheel and cooled, causing rapid solidificatiéigure 17.

This technique is used to develop materials that require extremely high cooling rates in order to form, such
asmetallic glassesThe cooling ates ahievable by melspinning are othe order of 14 1¢° Kelvins per

second (K/s)lts high and variable cooling rates make it suitablettierproduction of metallic materials

with different crystallographic structures.

The nelt spinner was invented in 1969 by Pond and Maddimere thdiquid was quenched on the
inner sideof arolling drum (Cahn, 1983)then later & a continuous casting methbgl Liebermann and
Graham(Liberman et al.1976). Howeverbecause thenelt spinner is onlyapable of producingsmall
thin ribbors, some as thin as Iicrometres melt spinningis limited to mainly production of research
specimens for alloys with high critical cooling rate, which are difficult to fabricate with other techniques.
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Figure17: Schematic presentation of melt spinning performance. After the alloy is melted by RF goiland
it is ejected througthe crucible nozzle onttherotatingcopper cooling wheel, producing long and thin ribbons.

Melt spinning isan alternative method fothe preparation of metallic glasses, which can be used as
precursors forthe synthesis ofquasicrystals. But according to temperatimee-transformation(TTT)
diagram inFigure 18, which describes the state of the material after melt spintiwg-phase can be
produced directlyrom the melt, if theight coding rate (cooling wheel speed) is sgiown by the arrows
Melt spinning is similar isomeways to mechanical alloyinigowever, there are a number of important
differences. Because the precursor is a liquid the process is much gainkdessample is required for
one batch (about 10 grams instead of 20).

. Liquid line
I 21 T8

Temperature

Amorphous \ \

(a) (b) (c)

Time

Figure18: Temperaturgime-transformation diagram of Ir-Ni alloy system (Wang et al., 2083

2.1.2.2 Experimental overview

The precursors for the melpianing were prepared by aneelting a Zgs Nis4 1alloy and Ti (99%) and Cu

(99, 99%) powders pressed pellets, in such ratios that the final material compositions,ydegNiz, and
TissZrzsNi;;Cus. The mass of the aroelted precursors for the meftisning was approximately 9 grams

(two ingots). The ingots were placed in graphite and baitside melting crucibles with a 1-Hm nozzle
diameter. After evacuating t6 A r@ibar with turbo diffusion pump the chamber of the raplhner

( Ed mund MBItSpihnerrSC)Figure 20, was refilled with 99.99 % pure argon gas. The precursor
samples were then hedrdqeedcy (RP) induotionl h®témpéraiurebwgs detectdd o
with a pyrometer that waattached to a crucible holder. The melt was injected through the nozzle by 200
mbar of argon ovepressure onto a rotating copper wheel of 200 mm diameter. We repeated the experiment
at 10 different wheel speeds: 12, 16, 20, 24, 28, 32, 36, 40, 45 ands5@igore 19 showsthe
transformation othearcmelted precursors (buttons) to msftun ribbons vighe melt spinning processing
route.The ac-melting technique is described in Chapter 2.1.4.
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arc-melting melt-spinning as-spun ribbon

Figure19: Processing route of medpun ribbons.

21221 Melt-Spi nner Edmund B¢hl er GmbH

This device requires only 10 grams of input material, whereas for mechanical alloying the minimum
amount of powder for one batch is more than 20 grdims dameter of copper cooling wheel is 200 mm,
which can be rotated up to 80 Hz (50 mi&)combination of rotary and turboump providesa high
vacuum dowrto 10° mbar. Meltspinning chamber is then refilled widn inert gas suchas argon or
helium. Usually 200 mbar overpressure is used to inject the melt through the not®ermicible ona

rotating copper cooling wheel. According to melting point of the sample different crucibles are used.
Quartz crucibles resist temperatute t o 1 3 OnOiAQ,i dbeoruopn t o 1600AC and
The dstance between the wheel and the crucible can also be varied from 0.05 to 1 mmlyarisalet

to 0.2 mm. Samples are melted by RF induction provided by 6 kW ajenefTemperaire is measured

with aninfra-red pyrometer.

Figure20: Edmund B¢hler, Melt Spinner SC device.

By varying all these parameters, i.e. wheel speed, pressure, nozzle size and shape, distance, and finally
the temperat@, one can produce ribbons of different lengths, thicknesses and widths, crystallographic
structures, grain sizes, etc. All these propertieaamsequence of various cooling rates, which can go up
to 10° K/min. Besidesthese parametershe result ofa melt-spinning experiment is strongly dependent on
the sample composition.
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2.1.3 Hydriding

2.1.3.1 Introduction

2.1.3.1.1 Sievert's apparatus

Sievert's apparatus allows the study of the hydrogen absorption and desorption kinetics as well as the
determination of the pressiimpgitioni temperature i Ci T) diagram of the materighydrogen gas

phase system. The apparatus can operate over a wide range of temperatd) K308nd H, pressures,

1i 60bar.

digital thermometer (A~ £1°C)

manometer (A~0.05 bar) 52

) ——— Vacuum
H: —» ball valves
b ;
V=3L
sample
—— heating coat

Figure21: Schematic presentation8fi e ver t 6 s a p praabsarptionsfroni gag phadse, d r o g e

Figure 21 showsa schematic of thdevice we used for our hydrogen absorption experiments. It was
designed and made at J ogeofthisPh.[ewosknltisimade complaielyeutdfor t he
stainlesssteel AISI 316L, which is well known to have very low hydrogen permeability, even at high
temperatures and pressures. this point it should be noted we did not perform ar@-P measurements
since too small amount of samples were used to be able to detect any significant pressémedditip
was not our primgraim. Thus we rather varied temperature and time of hydrogenation, where the pressure
was always more or less around 45 bar. Toetent of hydrogen was measured by mass change by
thermogravinetry, described in Chapter 2.2.6.

Before starting the experimeiite complete installation was evacuated (5 min) and refilled with
hydrogen three times. For safety reasons, hydrogen sensqiagas inthe space were this instalation
was situatedThe alarm turnsn if the level of hydrogen exceeds 20 % of LEL (= low explosion level),
which is 4 vol. % for hydrogen in air. This level must be exceeded at least for 2 minutes before the alarm
switches on. At the beginning, when the device was installed we had some small leakages of hydrogen gas
at threadd joints, which were all eliminated and fixed bef@periments took place. Not jufsir safety
reasons, but to ensure isostatic conditidugng the whole experiment as well. There is a photogrdph
our SieverfFigwwe2 devi ce i n
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Figure22: Photographyf our stainless t e el Si ev er t Gpsessar@hydiogen bhsaptidnor hi gh

2.1.3.2 Hydrogenation of ball-milled powders

Powders obtained by mecheai alloying were described details in Chapter 3. As we have seen we were

able to produce icosahedral structure by mechanical amorphization and subsequéngabhoewe could

not manage to loadng hydrogen into the material with thew-pr essur e Si e Vhagthisis ap
topic does not appear the Results section.

2.1.3.3 Hydrogenation of melt spunribbons

Beforethe highpressure stainlesseel device for ydrogen absorption froitne gas phase was constructed,

we tried to load hydrogen in medpun ribbons in ourlowp r e ssur e Si e asewetdid for ap p a
mechanically alloyed and annealed powders. As expected, XRD showgthasei lattice expansion dige

interstitial hydrogenFor this reason we buili high-pressure device for hydrogen aborption, in order to
overcometheoxide layer barrier.

2.1.3.4 Dehydrogenation of meltspun ribbons

Samples that were successfully loaded with hydrogen, which was checkedhipydiffraction peaks shift

to lower angles due to lattice expansion, were analyzed bPTADSC with Gas Analytical System

QMS 403 C Axol osJ(®iT#M8 B9 C, Cétdh,Germany) threal analyzer with

attached masspectrometer. Arouh25 mg of the sample was placedaimalumina pot and attached 4o
thermocouple on a microbalance. After three evac
upt o 800 AC wi t h raRThe Kasetiamge df samples and hydem moleule counts by the
massspectrometer were measured simultaneouslyResults (Chapter 3.3.1) we decided to show just an
example ofthree curves, each correspondinghte amorphous, iceahedral and crystalline samglsince

the shapgof these TG curveare very much alikewhen loaded all three samples were subjected to the
same hydrogenation condi t i orlbkeanountadesodédhyliGgenwas b a't
measured by TG, since counts téf are expressed in arbitrary unitghich are god only fora quick,

relative comparison, meaning, more hydradegher intensities. Foa calculation ofthe exact hydrogen

content from the area under mag®ctra one should use standards and rather complex computational
methodsOur device was not eiped witha standardization part

2.1.3.5 Deuterization of meltspun ribbons

By this method we investigated deuterium dynamics in the icosahedral and amorphous phases of the
TigeZrsoNiggmelts pun ri bbons (Gradi gek, 2008) .hapRand spint s we
lattice relaxation models that assume deuterium thermally activated hopping within a manifold of different
chemical environments. The reason why deuterium hasussehinstead hydrogen is that durindd N MR
Hi H interactions prevaibverHi alloy interactions.

Deuterim loading was performed from the gas phase by exposing the materiaDtcath@sphere at
room temperature and a pressure of 10 bar-fidrase sample and 20 bar fbe amorphous samplén
order to perform [eltspuN $&Rples wapeelogadedwith deuiteriunm This work was
done athe Korea Basic Science Institute by our partnershebillateral project Kore&lovenia Hydrogen
Storage
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2.1.4 Arc-melting

By this technique one can easily prepare metallic samples okdlesmposition. The aim is to melt

preliminarily pressed pellets of elementgtie form of powders or small solid pieces pieceke3elumps

are therplaced ora specially designed water cooled copper plate, actingeasathoe. When the current

is switthedon, argon plasma arc is formed betweélea cathode (sample on a copper plate) and anode

(typically tungsten rod)also predominantly water cooledpon a current flowing through the sample, it

melts because dhe resistance heatingurrent of argorions (plasma) n our Ed muditerB¢ hl er A
Type MAM-1, Figure23, can beelectronicallycontrolled from 3 to 180 ATypical batches of samples we

used are around 5 grams, but depending on the density of thée samepcould put even 20 grams of

material in one sample casting mouliepending on the quantity of sample its temperature can reach up to

3500AC.
a) b)

Compact arc mq

Figure23a) Ed mund BlArcMelter, aMiAbMneltinglamber.

Whenthe cathode platis loaded with samples it is attachedfglass chamber, which is then evacuated
(~5 min) and refilled with argon gas for twlaree times. In order to completely remakre residual oxygen
from the argon atmosphere we firstelt a piece of titanium metahe sacalled getter, which reacts with
residual oxygen formin@iO,that can be easily removed afterwards.

To analyze the structure of amelted buttons by XRD, those were cut in Hadfizontally. After that
we polished lte crosssection surface and expose it terays. Arc-melted buttons of TZr-Ni alloys are
shown inFigure24.

Figure24: Arc-melted buttons of FZr-Ni alloys. Each weights about 5 grams.
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2.1.5 Quenched rods

Vacuumecasting, often called suctiarasting or cold mould casting, is the last technique used for the
preparation of quasicrystalline material in this dissertation, wherégaate is simply controled by the
diameter of the copper cold mould. The principle of rapid quenching of this method is similar to the melt
spinning one, only cooling rates arkthe order ofl0% 10° K/s, which iscomparable to those achived by
melt spnning at the lowest wheel speeds,,ireughly estimatedsomewhere between 10 and 20 m/s for
our particular melspinner. This method has an advantagehmpreparation of bulk metallic glasess
(Chapter 1.2) or, though, bulk quasicrystalline samplé&reas by melt spinning one is able to produce
only ribbons of such structures, that are appropriate for further characterization, but often not appropriate
for application purposedA smaller disadvantage of vacuwrasting is one gets smaller amount o th
sample with one batch, aroung 1 gram, whereas by melt spinning we can gé&ODfigmo 20 grams of
material duringpne run.

-

Figure25: 3 mm rod cast in armelter MAM 1, and suction casting copper crucible plate.

Preparation of quenched rods looks very alikenagtting (Chapter 2.1.4). The only difference isthe
copper cathode plate, which has integrated a copper cooling mould of desired diameter (1.5, 2 and 3 mm in
our case), attached to a vacuum chambBigiure 25. So, when the sample is molten, we open the valve to
the vacuum chamber and by this the melgugckly sucked in the mould and quenches with the cooling
rate, corresponding to the diameter of the coppeulenased.For further analysjsascast rods were
crushed in the mortar, where nquid nitrogen cooling was requiresince the rods were brittle enougt
room temperatute

2.2 Characterization

2.2.1 X-Ray Diffraction(XRD)

X-ray diffractionis a method of deteriming the arrangement atomswithin acrystal in which a beam of
X-raysstrikes a crystal and scatters into many different directions. From the angles and intensities of these
scattered beams, aystallographeican produce a thredgimensional picture of the density efectrons

within the crystal. From this electron density, the mean positions of the atoms in the crystal can be
determined, as well as theinemical bondgtheirdisorderandothersundryinformation.

An intuitive understanding of-ray diffractioncan be obtained from tH&ragg model of diffractionin
this model, a given reflection issaxiated with a set of evenly spaced sheets running through the crystal,
usually passing through the centers of the atoms of the crystal lattice. The orientation of a particular set of
sheets is identified by ithree Miller indicegh, k, 1), and their spacing idenoted byd. William Lawrence
Bragg proposed a model in which the inciomp X-rays are scattered specularly (mirlige) from each
plane; from that assumption, -bdys scattered from adjacent planes will combine constructively
(constructive interferengewhen the anglefl between the plane and therXy results in a patlength
difference that is an integer multiplef the X-ray wavelengthrey Equation 19

2dsinf! = nA (19)

A reflection is said to bindexedwhen its Miller indices (or, more correctly, isciprocal latticeszector
components) have been identified from the known wavelengthhansicattering angl2 dSuch indexing
gives theunit-cell parametersthe lengths and angles of the woell, as well as itspace groupSince
Bragg's lawdoes not interpret the relative intensities of the reflections, howeveigénerally inadequate
for solving the arrangement of atoms within the uogll; for that, a Fourier trasfiorm method must be
applied
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Figure26: Interference of Xray light, scattered on crystal planes.

XRD spectra of our samples were takenBwyker AXS, D4 Endeavor spectrometer by using-iCl
radiation in the range from 30 to 80 degrees. Raw results were processéttdnyPus Evaluation and
Poudrix computer programmes.

2.2.2 X-ray Photoelectron Spectroscof$PS)

X-ray photoelectron spectroscopy (XR&s applied to analydbe surface composition, chemical states
and depth distribution of elements in thigsZr3sNi;/Cus ribbons. Surface analyses with similar technique
of the oxide layers on Arased alloys were reported in the literature (Baunadk, 085).

The X-ray photoelectron spectroscopy (XPS or ESCA) analyses were carried out on {REAPKHPS
spectrometer produced by Physical Electronics Figyre27. In order to follow the dehtdistribution d

the elements, XPS sputter depth profiling was applied. lon sputtering was performed with a 1*keV Ar
beam rastered over a 3 x 3 farea. For these parameters a sputtering rate of about 1 nm/min was
measured on the reference Ni/Cr multilayer structuhe dnalysed area was 0.4 mm in diameter and the
analysed depth was about 3 nm. XPS spectra were exciteerdoy rddiation from an Astandard source.

The base pressure in the spectrometer was 2*P&0Relative sensitivity factors 2.08 for Ti 2p, 2f@7

Zr 3d, 2.31 for Ni 2p,, 2.63 for Cu 2p,, 0.31 for C 1s and 0.73 for O 1s, providedtbg instrument
producer were used to calculate surface concentratioiisloulder et al., 1995). We estimate that the
relative error forthe calculated concenttians is about 20%The XPS method is not sensitive for H and
He.

Figure27: PHI-TFA XPS spectrometer produced by Physical Electronics Inc.

2.2.3 Scanning Electron Microscopy (SEM)

The scanningelectron microscopéSEM) is a type ofelectron microscopthat images the sample surface
by scanning it with a higkenergy beam adlectronsn araster scapattern. The electrons interact with the
atoms that make up the sample producing signals that contain informationthéosample's surface
topography composition and other propertissich aglectrcal conductivity

The types of signals produced by an SEM inclseeondary electronback scattered electrons (BSE),
characteristic xays light (cathodoluminescengespecimen current and transmitldctrons. These types
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of signal all require specialized detectors for their detection that are not usually all present on a single
machine. The signals result fraime interactions of the electron beam with atoms at or near the surface of
the sample. Inthe most common or standard detection mode, secondary electron imaging or SEI, the SEM
can produce very higresolution images of a sample surface, revealing details aboutrintanssize. Due

to the way these images are created, SEM micrographs have a venddptheof fieldyielding a
characteristic thredimensional appearance useful for understanthiegsurface structure of a sample. A
wide range of magnifications is possible, from about x 25 (about equivalent to that of a poweHehisand

to about x 250,000, about 250 times the magnification limit of theligbstmicroscopesBackscattered
electrons (BSE) are beam electrons that are reflected from the sangléestiy scadring BSE are often

used in analytical SEM along with the spectra made from the charactetiayis.XBecause the intensity of

the BSE signal is strongly related to the atomic number (Z) of the specimen, BSE images can provide
information about the digbution of different elements in the sample. For the same reason BSE imaging
can imagecolloidal goldimmunclabels of 5 or 10 nm diameter, that would otherwise be diffioult
impossible to detect in secondary electron images in biological specimens. Characerasticare

emitted when the electron beam removesnaer shell electrofrom the sample, causinghégherenergy
electronto fill the shell and release energy. These characteristigscare usetb identify the composition

and measure the abundance of elements in the sawipl&ing principle of SEM, i.e. electrons path,
detectors, lenses, etc., is showirigure28.
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Figure28: Scanning electron microscope (purdue.edu).

For observation of nepolished sample the powder waputtered on conductive stickiape
impregnated with graphite powder and placed on the sample holder, which was then fixed in vacuum
column d the microscope and evacuated for about 20 mirurtékthepressure was ~Tbar.

For the preparation of polished sample the powder was moulded in metallographic specimen with
Technovit resin. After polishing the specimen Technovit resin was remsaegle placed on the holder.

Then the conductive graphite paste was sputtered between the sample and sample holder. After graphite
paste dried the holder was placed in vacuum column and evacuatedh@ftigth voltage was set (20 kV),

the sample holderas moved frontheinitial to the central position. The apperture of the column was set to
100um. Finally, before switching the higloltage on, the spot size of electron beam and working distance
(WD) were set, where WD must be at least 10 mm for saéetsons and for optimal EDS analysis angle,

as well.

2.2.4 Transmission Electron Microscopy (TEM)

Transmission electron microsco¥ EM) is a microscopytechnique whereby a beam efectronsis
transmitted through an ultra thin specimen, interacting with the specimen as they pass through. An image is
formed from the interaction of the electrons transmitted through thensgecivhich is magnified and
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focusedonto an imaging device, such aflurescentscreen, as isommon in most TEMs, on a layer of
photographic film or to be detected by a sensor such @B camera The first TEM was built byMax
Knoll andErnst Ruskan 1931, with this group developing the firdEM with resolving powegreater than
that of light in 1933 and the first commercial TEM in 198@ure29.

TEMs are capable of inging at a significantly higheresolutionthan light microscopes, owing to the
smallde Brogliewavelength oklectrons. This enald¢he instrument to be able to examine fine detall
even as small as a single column of atoms, which is tens of thousands times smaller than the smallest
resolvable object in a light microscope. TEM forms a major analysis metteochimge of scientific fields,
in both physical and biological sciences. At smaller magnifications TEM irnagkastis dueto the
absorption of electrons in the material, due to thekti@ss and composition of the material. At higher
magnifications complex wave interactions modulate the intensity of the image, requiring expert analysis of
observed images. Alternate modes of use allow for the TEM to observe modulations in chemicgl identit
crystal orientation, electronic structure and sample induced electron phase shift as well as the regular
absorption based imaging.

- Highvoltage
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Figure29: Transmission electron microscqogéndtarget.com).

The powders withan average grain size from 10 to 1Bn were dispersed in ethanol and deposited on
carboncoated Cu grid using ultrasonic sputtering. After the grid was dried we put it inside the column of
transmission electron microscope 2010F (Jeol Ltd., Japan) opat268 kV and equipped with an ukra

high resolution polgiece having the resolution limit at 0.11 nm. Preparation of-spelb ribbons was
more complicated, since they are very brittle. Si nc
dimpling dep, because otherwise we would introduwerhuch stress to the sample and it woulebkrTo

solve this problem weut the meltspun ribbon into a disc of 3 mm diameter aod it directly in the argon
ion-mill (RES 010, Ballec AG, Balzers, Liechtenstgiand etch itwith 6 keV Ar ions at an incidence
angle of 10A unt iihcemral aréao Thia was tliowed by ipolisteng uking 2kkeV

Ar" ions to produce large, electrtransparent regions with low ion damage at the specimen sufif&M
analysis (selectedrea electron diffraction and brigl¢ld imaging) was made with a Jeol JENIOO (Jeol

Ltd., Tokyo, Japan) at 200 kV accelerating voltage.

2.2.5 Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry (DSC) is a tehue for recording the energy necessary to establish a

zero temperature difference between a substance and a reference material against either time or
temperature, as the two specimens are subjected to identical temperature regimes in an environment heated
or cooled at a controlled rate.

It therefore follows that in DSC the sample and reference materials must be equipped with separate
heating elemest and have separate temperawgesing devices, usually either thermocouples or
temperaturesensitive resiers. The two materials are maintained at an identical temperature by
electronically controlling the rate at which heat is supplied electrically to the test and reference samples
respectively. The ordinate of a DSC curve thus represents the rate of absogytion by the test sample,


http://en.wikipedia.org/wiki/Focus_%28optics%29
http://en.wikipedia.org/wiki/Fluorescent
http://en.wikipedia.org/wiki/Photographic_film
http://en.wikipedia.org/wiki/CCD_camera
http://en.wikipedia.org/wiki/Max_Knoll
http://en.wikipedia.org/wiki/Max_Knoll
http://en.wikipedia.org/wiki/Ernst_Ruska
http://en.wikipedia.org/wiki/Resolving_power
http://en.wikipedia.org/wiki/Resolution
http://en.wikipedia.org/wiki/De_Broglie
http://en.wikipedia.org/wiki/Contrast

Materials and methods 29

relative to that of the reference material; this rate naturally depends on the heat capacity of the sample.

The thermal properties and the kinetics of the crystal phasesryistdllised fom the amorphous alloy
were investjated using a differential scanning calorimetek,InstrumentsModel DSG 2910.

2.2.6 Thermegravimetry (TG)

Thermogravimetry is an experimental technique in which the mass change of a substance is measured as a
function of temperature whilst the substancesimjected to a controlled temperature program. The
temperature program must be taken to include holding the sample at a constant temperature other than
ambient, when the mass change is measured against time. Mass loss is only seen if a process occurs where
the volatile component is lost. Results are presented as a pletat¥e masschange qggm/m, against
temperature, T or time, it should be noted that although most mass loss occurs around one temperature,
where the line is steepest, some reaction starts well before the main reaction temperature and, similarly,
there is still some residuahass los well after the main reaction. Picture of our TG device is shown in
Figure30o0n the left.

2.2.7 Massspectrometry (MS)

Hydrogen desorption experiments were performedsibyultaneous TEDTA/DSC with Gas Analytial
System QMS 403 C A+bu pistQYSEAC, Metlzsch, Gérrbahylsther analyzer

with attached masspectrometer. About 25 mg of loaded sample was placed in the alumina pot and fixed

on a thermocouple attached on the microbalance witlt0 &g accur acy. After chan
refilled with argon three times the hieg and argon flow were turnagh. Heating rate was set to 20 K/min

and the final t &@hemeyngagenflieywasset to SOOTMAIC .

DETECTION

Figure30. TG-DTA/ DSC with Gas Analytical Systemi QWS E803 C
C, Netzsch, Germany) thermal analyzer with attached -s@mstrometer.On the right, corresponding
schematics is shown.

2.2.8 Vibrating-Sample Magnetometer (VSM)

Maybe the most commonly used method of characterization foretiagnaterials is the Vibratin§ample
Magnetometer (VSM) that uses aduction techniqueiigure31. In a VSM the sample isounted at the

end of a rigid rod attached to a mechanical resonatoich oscillates the sample, usually in a vertical
direction, at a fixed frequency.,. In the currentVSMr= 8 0 Hz. Surrounding near6&k
pick-up coils. As the sample moves, its magnetic field which is proportional to its magnetic mbhent,

alters the magnetic flux through the coitByl/dt This induces a current daty proportional todM/dt,

which can be amplified and detected using loclamplifiers. The external magnetizing field is provided

by a horizontal electromagnéflagnetic hysteresis loops were measure®8 LakeShore 7003 device

at room temperature fireld range from 10 KOe (1 T) o 10 kOe back to 10 kOe.
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Figure31: LakeShorevibratingsample magnetometand related schematics on the right.

2.2.9 Superconducting Quantum Interference De{®@UID)

Since the signaio-noise ratio inthe VSM was bto low, when performing temperatudependent
measurements at 0.5 T external field, thespeements were done by Quantum Design MPXAS
magnetometer, which can operate at maximum external magmdtic5f T in 1.97 400 K temperature

range. Fielduniformity is 0.01 % over 4 cm and sensitivity up to*4@. The main advantage of this
magnetometer is very high sensitivity, since it can measure the magnetic field of neural currents in the
brain at 10° Tesla. The main disadvantage are costs related to consumption of liquid helium, which
enables superconducting loop, based on a triple layer of aluminum and niobium, to berdoled

+
0 loonstant

counter

Figure 32: Superconductingquantum interference device (SQUID): Josephson junction pair within a
superconducting ring. A change in flux produces a voltage variation across the JJ pair.

The JJ in Figure denotesa so-called Josephson junctip tri-layer of aluminum and niobium
superconductor, bridged by a thin insulator. Electrons can tunnel through the insulator even with zero
voltage applied across the superconductors. If a voltage is applied across the junction, the current decreases
and acillates at a high frequency proportionathie voltage. The relationship between applied voltage and
frequency is so precise that the standard volt is now defined in terms of Josephson junction oscillation
frequency. The Josephson junction can alscesasva hypesensitive detector of low level magnetic fields.

It is also very sensitive to electromagnetic radiation from microwaves to gamma rays.

A constant current bias is forced across the ring in parallel with both Josephson junctions. The current
divides equally between the two junctions in the absence of an applied magnetic dield aoltage is
developedacr oss the ring. Whil e any value of magnetic f
quantized value (a multiple of the flux quanta) can flow through the opening in the superconducting ring. If
the applied flux is not an exact multiple of the fluxagta, the excess flux is cancelled by a circulating
current around the ring which produces a fractional flux quanta. The circulating current will flow in that
direction which cancels any excess flux above a multiple of the flux quanta. Chamgimgplied flux
linearly causes the circulating current to vary as a sinusoid. This can be measured as a voltage across the
SQUID. As the applied magnetic field is increased, a voltage pulse may be counted for each increase by a
flux quanta.



Materials and methods 31

2210 | H NMR

2.2.10.1 Dynamic NMR lineshape

Our <choice to perform NMR measurements on the |
difference between the two isotopes. Protons {&f#innuclei) possess a strong nuclear magnetic dipole
moment but no electric quadrupole moment, sd fr@tons are strongly dipolarly coupled among
themselves, but much more weakly to the lattice. In a motional process, the resonance frequency of a
proton is predominantly affected by the fluctuating magnetic fields of other protons, thus this intésaction

not specific to a particular lattice site. Deuterons @pimuclei) make nuclear dipetipole interaction

between themselves by a factor 42 smaller and due to the nonzero electric quadrupole moment, deuterons
interact with the electric field gradiedEFG) tensorof the neighbouring charges and the quadrupole
interaction dominates over the dipolar one. The EFG is specific to each latti€asitesotropic molecular

motions average these interactions to zero, producing a complete motional narfalveny @R spectrum

at high temperatures, whereas at low temperatures, a static spectrum is observed. The dynamic lineshape
transition from the fastto the slowmotion regime allowshe extraction of the physical parameters of the
motional processesthe correlation time,andthe activation energy of hopping The | H NMR | i1
measurements were perfformech a cool ing run from 400 togqoa77 K
(] H)y=30.701 MHz.

2.2.10.2 NMR spin-lattice relaxation

While the dynamic NMR lineshape is sensitive to molecular motions in-18® kHz frequency window,

the NMR spinlattice relaxation ratel/T; probes motions with MHz frequencies in the vicinity of the
nuclear Larmor frequency. For the thermally activated hopgdifigjs expected to sense the same motion
as the dynamic NMR lineshape, but at higher temperatures, when the hoppingdiesgmgeed up from

the kHz to the MHz rangd. h e Tjexperiments were performed in the temperature range between 430
and77K.

2.2.11 Density measurement

Using theso-called Archimeé stéchnique(Figure) we were able taneasurehe densities of our bulk

samples (arenelted buttons and quenched rods). The principle is to measure the rtiessamfiple inan

ambientair atmosphee (dry maspgand its mass ithe water(wet mass)in order to calculate the volume of

the samm@ from the difference between dry and wet mass of the saifipie is the mass of displaced
water on account of t h duogaacyipid lighiesin theovhter.rSmce the densisyo d L
of pure water is very cnlassdlifferetice as the wlunserof the sample, and n t
calculate its density by dividing its dry mass by the volume of the sample. The tricky part of these
measurements is to fix the sample with the human hair loop and hang it loelahee And to make the

loop with the human hair can be very challenging as well.

hair

sample —_|

water —4

Figure33: Archimedes'principle of volume measurement via displaced water mass.
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3 Results

3.1 Mechanical alloying

3.1.1 X-ray diffraction
The XRD spetra in

Results

Figure 34 indicate that the mixture was to a large extambrphousvhen it was alloyed for more than
40h; for 20h and less the material still exhibited crystalline propertied,easet al. (2002have also

observed. The
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Figure34: XRD patterns (a) aothe TiyoZrsoNiseand (b) TigHf40Nisg after alloying for 0, 20, 40, 60, 80 and 180

spectr



Results 33

3.1.2 SEM and EDS analysis

For observations of the neggolished sample the powder was sputtered on conductive graphite sticky tape
and placed on a sample holder, which wam thiged in the vacuum column of a Jeol JSRBO0
microscope and evacuated until the pressure wa%af The working voltage of the SEM filament was
20kV. The energydispersive Xray spectrometer was a Link ISIS 300, Oxford Instruments. Observation of
the nonpolished sample using tleecondanelectron detectoiffigure 35a, gave usnformation about the
topographyof ball-milled powder particles. We saw that during mechanical allogieggglomeration of
submicrometer particles occurs. The size distributiothefagglomerates goes approximately from 10 to
200 Om and their dobearraoguen ds ilz0e0 iGsm.est i mat ed

Figure 35b reveals thecrosssection zcontrast ofthe agglomerates with backscattered electrons
detector. For this purposiee powder was mouldeihto fenolformaldehide resin inside glass tudoed then
groundand polished. EDS analysis of bright areas in the inner part of agglosnghnateed this ia Zr-rich
phase.

a) b)

i prn

Figure 35: SEM micrographs of a) aggherated nomolished powder particle, consisting of much smaller
particles, and b)-zontrast image of polished agglomerate revealed preséZreich phase in the bulk.
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Figure 36: EDS spectrogram of polishéid,sZrzgNi;; agglomerateof ~ 5 um | dark grey area, shown Figure
35h.

Ti Zr Ni

Stoichiometric & % 45 38 17
EDS 4. % 1l.area 47,2 33,7 19,1
EDS 4. % 2.area 49,7 30,1 20,2
EDS 4. % 3.area 48,3 31,3 20,4

Table5: Quantitative analysis of energlyspersive spectrufEDS) ofthree random um Jareas omissZrsgNis7
polished aglomerate.
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3.1.3 DSC measurements

The DSC curves Figure37) were obtained by placing the samples of about 20 mg in open platinum sample
pans,and using a heating rate of 10nkn in an argon atmosphere at a flow rate of 100 ml/min. The DSC
was calibrated with indium. For the purposes of the kinetic calculafiarystallizationthe alloys were
heated fromroorh e mper at ur e t diffeet BednQ rates 2, 5, 0, 15 and 80nkin, Figure

39.
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Figure 37: DSC results 0fTisZrioNiy and TigHf4Niog samples, mechanically alloyed for various tignes
recorded at heating rate 10 K/min.

For each mixture measured with a different heating rate the heat of crystallisation was observed. The
heat of crystallisation is calculatedthe sum of the peak segment area divided by the average temperature
of the segment and multiplied by the differential scanning calorimeter's cell doiEstaation 20

12218
m

Tf
H [Am)dT (20
TO

whereH is the heat of crystallisatior the cell constantn the mass of the sample aA(T) is the
segment area of the peak.

The calculated heats of crystallisation for the measured samples are giaglvically inFigure 38. For
the TiyoHf40Nizo mixture the heat of crystallisation does not show a significant change for different alloying
times, while the heat of crystallisation for thegZisoNioe mixture ncreases with alloying time.

9jes BunesH
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30 40 50 60 70 80 90 100 110
Alloying time [h]

Figure 38 Heat of crystallisation vs. alloying time, for both compositions, measured at five different heating
rates: 2, 5, 10, 15and 20C/ mi n .

This increase in the enthalpy of theystallization for TigZrsoNize, Which can be described by the
exponential model, is in accordance with the increasing conteamnofphousphase, which can also be

seen as an effect Figure37.
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Figure 39: DSC curves recorded at five different heating rates for (gZmiNioo and (b) TigHf4oNioe powder
mechanically alloyeddr 100h.

3.1.3.1 Activation energy of crystallization

Norrisothermal experiments that use a constant heating rate until the crystallisation is complete are
preferred over isothermal experiments. Such experiments are frequently used to study crystallisation
kinetics. Several kinetic methods are employed to determine the activation energy for crystallization from
DTA and DSC data, of these the Kissinger equaftijuétion 4) is one of the most widely used

In(%] _—Ea (21)
T RT,

p

whereT, is the peak temperature, the DTA heating rateR is the gas constardnda is fit parameter
A plot of In(®/TZ?) versus IT should be a straight line, the slope of which provides the activation energy

for the crystallisation. A linear relationship betwde®/T?) and 17T, for the dominant higlemperature

peak wabtained in accordance with Equati®h seeFigure40, for the TioHf40Nioo material. Activation
energes E, for crystallizationof Zr- and Hfbased alloys, mechanically alloyed for various timesye
determined as the slope of tt@respondinglissinger plotsFigure4l.
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Figure40: An example of the Kissingeigt of TisHf40Niog (after 100h of mechanical alloying) for determining
the activation energies.
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Figure41: Dependence ofddivation energy of crystallization on alloying tnfor Zr- and Hfbased alloys

The vale of the Avrami time exponent, in the wellknown JohnsoiMehli Avrami equatiorfor the
time dependence of a nucleatiandgrowth transformation was determined from the Ozawa equation
(Equation 22)rearranged as:

d WCIn@-X) §

22
din® @

whereX is the volume fraction crystallized at a fixed temperaiuvénen heated at heating rate X is
taken as the ratio of the partial area at a cetdamnperature to the total area of the crystallization exotherm.
The volume fraction crystallized was calculated at a fixed temperature 6830 and t he Oz awa
I n ( TTIX) vetsus Imi is not shown. The value of determined from the slope of tipdot was 3. A
value of 1, representing a fixed number of nuclei anddimensional diffusiorcontrolled growth, is
usually found for surface crystallization. In addition, when surface crystallization predominatess 1
and Equatior23 essentially redces to the Kissinger equation, Equatidh The value ofn =3 suggests
that the crystallization did not occur on a fixed number of nuclei. The value isfrelated ton as
m=nT1 1, when nucleation occurs during DSC and the number of nuclei in the sample is inversely
proportional to the heating rate.

Matusita and Sakka stated that the Kissinger model is only valid when crystal growth occurs on a fixed
number of nuclei. They madild the Kissinger equation to account for nucleation and crystaitigr
occurring simultaneously to be

In 22 _=ME | const (23)
T RTp

p

where E. is the activation energy of the crystallization amdrepresents the dimensionality of the
crystalline phase. The calculated valuerdé 2. When the surface crystallization predominates,1, and
when the crystallization is predominantly bulk,=3. Moreower, for a constant heating rate a broad
crystallization peak indicates surface crystallization, whereas a sharp peak signifies a bulk crystallization
process. Based on their interpretation and regtifisire 39 shows that bulk crystallization dominates in the
measured samples.

Substituting the values af andn into the modified equain yielded an activation energyigure41,
which is considerably higher than the valuehaf Kissinger model.

The calculated activation energies resulting from the Kissinger and the modified Kissinger equations for
all of the measured samples are showifrigure 41. These values are in good agreemeitlh the other
results obtained in this study. The dependence of the activation energlesadioying time shows the
same shape for both samples, i.e., it decreases with alloying time. From these curves we can say that the
alloying process has the saimfluence on the activation energy of the crystallization in both cases.

The activation energy is a measure of the thermal energy needed for an atom to overcome the barrier of
crystallisation. These results show that the crystallisation of-giese caroccur relatively easily for

p |
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TisoHf40Ni2o materials, and rather less so fogeZi4gNizg materials. On the other hand, the crystallisation of
TisoZraoNioe more easily occurs after shorter times of alloying, which is a measure of the stored energy
introducedo the system durinthe mechanical alloying.

3.1.4 Magnetic measurements

Figure 43 showsa decrease of magnetization, measured at 1 TeslalifgfrsoNizg and TisoHTf40Niz

samples after different alloying times. Sinthe major magnetic moment carrier are Ni d electrons, the
reason for this decrease must be a modification of Ni d states upon alloyingFBRelinr ® et al ., 2
shown that the electronic structure of icosahedralriNi quasicrystal is dominated/lthe metals d bands

with a complete mixing of Ti and Zr states. And further ntbeeauthors claimfwith respect to the pure

metal, Ni d states appear to &teongly modified upon alloyingy They didthe calculation just for Zbased

alloys, but accordignto our measurementbeNi d states are modéd inthe Hf-based alloys as well.
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Figure42: VSM hysteresis curves of a) -Based and b) Hbased alloys, measured after 0, 20, 40, 60 and 80
hours of milling.
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Figure43: Magnetization (at 1 Tesla) of Zand Hfbased alloys decreases with alloying time. After 100 hours
it is reduced for more than 95 %.

The magnetization drop, measured at 1 Tesla, is for both alloys mame96 % after 100 hours of
mechanicahlloying in a planetary balimill, Figure43. After that timethe magnetization practically does
not change anymore. A question arises from these results, namely the ararphisation of nickel cause
this decrease of magnetization. For that reason wentiddid pure nickel powder and measdirthe
magnetic respomsevery 20 hourd he resultsin Figure44 show that the saturation naggization of nickel
(at 1 Tesla) remains constant and independent ef alloying time and its amorpladon as the
consequence dfall-milling.
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Figure44: Magnetization (at 1 Tesla) plot &f40Zr4oNizo, TisgHf40Nioe and pure Ni samples versus alloying time.

3.1.5 Heat treatment

As already mentioned in the introductitme amorphous phase has the highest Gibbs free energy, which
means it tends to crystallize in energetically more favourable icosahedral quasicrystelieeap8 0 A C
and later ora t 7 i@ BGECETi/Zr) or (Ti/Hf)-rich solid solutionsrespectively In the case of Zsbased
alloy we observed small amount of BC®-(Ti, Zr) andZr,Ni (I4/mcm) as wellFigure45.
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Figure 45: XRD patterns (a) of the J¢ZrsoNisg and (b) TigHf40Nisg after alloying for 6th and heat treating at
various temperatres. The heating rate was K@min.

As mentioned before, we did not manage to hydride these samples using 4bedsure Sievert's
apparatus, since at the time these experiments were performegyésghre device was not manufactured
yet. To avoid the oxidation of the powder during mechanical alloying in technical argon (still contains
some oxygen) we did the same experiment in hydrogen atmosphere, as was reported by Takasaki and
Kelton in 2002, only starting with elemental powders. Resuflthese experiment are described in the

following section.
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3.1.6 Mechanical alloying in hydrogen atmosphere
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Figure46. XRD spectra of samples mechanicallipyed ina hydrogen atmosphere.

After 40 hours of milling in fidrogenthe partide sizereducedto submicrometer levemainly due to
the decrepitation and increased internal tensidlg to lattice expansion, that secondary forces glued all
powder particles onto the milling vial preventing any further contact lestthe milling bodies and most
of the sampleFigure 47. Thus the amorphization of these alloys is not fybssible ina hydrogen
atmosphereligure 46. In particular,then i c k e | p e ak thericaniand hydtide Aeala arotind
32.5A are quite obvVvXRD peaks ar@ &tk prebemtcptoovaah abdervatioithatk e |
particle size reduction comes mainly from the reactions with hydrogen, mentioned aboeeth8re is no
sign of nickel hydride, nickel grains were diminished to a smaller extent, also protectethdnomitiing
bodies insidehe TiH, andZrH, matrix, which made a protective layer arouhebigger nickel particles.

Figure47: SEM image of submicrometer particlesTofoZrioNio powder after 40 hours of mechanical alloying
in ahydrogen atmosphere.

The VSM results inFigure 48 have provided uswith additional poof that the modification of
magnetization (at 1 Tesla) com&om alloying ferromagnetic nickel with paramagnetic titanium and
zirconium and thus changirtbe electronic structure, more predigéhe Ni d-states, which givex major
magnetic contributionat this alloy. Since Zr and Ti react with hydrogen, Ni remains unmodified, as
mentioned before, which we showegl XRD analysis as all.
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Figure48: Magnetization (at 10 kOe) decrease is significant wdikryedin argon, bumot so significant when
alloyed in hydrogen.

3.2 Melt spinning

3.2.1 Wheel speed effect

According toFigure18 we expected big influence of cooling rate on the crystallographic structure ef melt
spun ribbonsAccording to that TTT diagram by rapid quenching one always ends up with at least two
phases, exapt amorphous phase can be on its awtine systemin Figure49 are theXRD spectreof the
ribbons, melispun at varias wheel speeds. Ftine TissZrasNi;Cus material we observethe iphase is
formed over alarge interval of wheel speeds, from 14 m/s up to 50 m/s, where signs of
nanoquasicrystallinity are evident, sinttee amorphous halo ofhe predominant amorphous @be still
contains small-phase peaks, implying naneplhase grains are embeddedaim amorphous matrixA
graphite crucible wasised to perfornthe melt spinning experiments on4#rasNi;7;Cus material.

On the other hanave have gbquite surprising XRDesultsfrom theTieZrioNioe material mekspun at
different wheel speeds as well, only by usmBN crucible. At low wheel spesdaround 15 m/s, there is
practically no difference in the structuretbé TissZrasNip7Cus and TigeZragNiog material In both caseshe
C14 Laves phase peaks show up. But when we increase the wheelh&pBegsZr,oNi, ribbons asspun
by BN crucible becomeamorphous already at 32 m/s. We suspected this phenomenom has nothing to do
with the compositionand that it should be connected with the crucible. That is why we performed
additional experiments to proove this hyjesdis.The esults are shown in Chapter 3.2.5.
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Figure49: XRD spectra of aJisoZrsgNisg and B TissZrssNisCus ribbons mekspun at different wheel speeds.

Figure50 contains VSM hysteresis curves of,glir,oNioe samples, melspun at various wheel surface
velocities, i.e12, 16, 20, 2224, 28, 32, 36 and 40 m/s, by using BN crucible.
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FurthermoreFigure51 shows that the thickness of the ribbons decreases with wheel speed from 120 to
30 micrometers, but the magnetizations of the samples,uneebhat 1 Tesla, of both materials seem to be
largely independent of the wheel speed, and, consequently, the structure and thickness of the ribbons. All of
the measured values for the magnetization, for both compositions and for all eight wheel speeds, wer
between 0.02 and 0.03 emu/g. For all the materials, sti@ghtnagnetisation curves with the absence of
any remanence were inditee of paramagnetic behaviour.
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Figure50: VSM data of TjgZrsoNio samplesmeltspun at series of wheel speeds and therefore having diffrrent
structural states.

0,05
120 1 —e—thickness
¢ M of Ti-Zr-Ni-Cu
+ 0,04
100 - 4 M of Ti-Zr-Ni
£ a0 1003 B
) =y
8 t G
§ 60 7 &
S E 1002 5
= 40
+ 0,01
20 A
O T T T T 0
0 10 20 30 40 50

Wheel Speed [m/s]

Figure51: Thickness and magnetization at 1 Tesla of ribbons spun at various wheel speeds fREZthfiki
and TisZrasNi Cus materials.

By results, shown ifrigure 52, we have even better insight in C14 Laves phase formation, namely at
wheel speeds above 30 m/s there are no Laves phase peaks present, weareasdebrease wheel speed
from 30 m/s down to 18 m/s we observe those crystalline peaks get sharper and morgdhtense
marked peaks)At the same time-phase peakémarked byi) become less difuse at the bottom, which
implies on diminishing of amr phous phase ( ar otphase gRiBsAden tkenvleelon b i
speed decreases.
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Figure52: XRD spectra of TsZr,7Niygribbons, mekspun at various wheel speeds.

3.2.2 Composition effect on the structure ahdcell parameter

By performinga large number of meklpinning experiments we saw thae optimal wheel speed for
i-phase formation and ideal shape of ribbons is 22 m/s. We investigated the range of compositions in which
i-phase is formed, at dptal meltspinning conditionsFigure 53 shows XRD data of this investigatio

Clearly, iphase is formed over elatively wide compositional area, whetee Ti concentration varies

from 40 to 58 atomic % by sulitsting Zr. Also, wesubstituted Zr with 3 and 5 at. @u. Clearly, the

i-phase cell constaa decreases with Ti conterdince iphase XRD peaks move to higher 2 theta values.
Even lattice parameteod secondary phases shrirtkpugh not to suchnextent as-phase.
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Figure53: XRD data of ribbons with various compositons, all spun at 22 m/s.

For better presentati we put allthe compositionsof data fromFigure53in a ternary phase diagram,
Figure54. |-phase zone area (green stars) HZFNi ternary phase diagram we constructed upon samples,
meltspun at 22 m/s, coincides with thphase zone ifrigure4 andFigure5, constructed byvolokanov

(1990) and Qiang et al. (200dpon meltspinning andd mm asguenched rods in a wateooled copper
mold, respectively.



Results 43

Nickel

¥ Tid0Zr40-xNi20 (x=0,3,5)
Ti45Zr38-xNi17Cux (x=3,5)
Ti63Zr27-xNi20 (x=0,3,5)

¥ Ti58Zr24-xNi19Cux (x=0,3,5)

O Ti33Zr41Ni21Cu5

X Ti39Zr29Ni29Cu3
Ti65Zr10Ni25

[
Titanium Zirconium

Figure54: Ternary phase diagrarAlloys marked with blue and green stars forphase when mekpun around
22 m/s. Alloy marked with yellow circle forsni-phase by vacuuroastingonly (Chapter 3.4). Red crosses
denote compositions athich i-phase is not formed at any wheel speed. On the right sithe fidure is alist of
compositionsBlue color denotes compositiotitsthave not been published yet.

Using Cahn et al., 1986, model for indexing icosahedral diffraction peaks wenmijicgt index XRD
spectra of phase sampleshown inFigure 53, butwe were able tacalculate iphase cell constam, as
well. We calculatedy of asspun (22 m/s) and fully hydrideephase sample&jgure55.
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Figure55: Decrease of icosahedral cell paramegavith Ti and Cu content by substituting Zr. The same trend is
preserved foanexpanded quasilatticeitlv the highest amount of hydrogen we could obtain for each sample.

Our calculated-phase cell constantg are in good aawrdance withthe literature reports, nameiy
2004 Qiang et al. have reportegof TissZrssNiiZCus and TkaZry;Niog alloys to be0.516 and 0.512 nm,
respectively.

3.2.2.1 Copper addition effect

Due to reports of Wang et al. (2001, 2003a) copper enhances amorphoyhase formation in FZr-Ni
system, according to higher stability of the icosahedral atomic clusters, thus loweringvéteoaanergy
of nucleation. The same group reported about improved hydrogen storage ability and the mechanical
properties of amorphous angiase TZr-Ni-Cu system alloys as well, Liu et al. 2006d and 2006e. They
investigated TjsZrzsNizoxCl (X= 0, 1, 3, 5 and 7) system by melpinning technique and discovered that
x=0 and 7 at.% Cu alloys containand C14 Laves phases, whereas the x=1, 3 and 5 at.% Cu alloys were
single iphase

ThUS, wefocused OnTi4ozr4(}xNi20CUX (X= 0, 3, 5) Ti45Zr3gXNi17Cux (X=O, 3, 5),Ti532r27_xNi20CUX (X=0,
3, 5) andTisgZro4xNi1gCuy (x=0, 3, 5) alloys to investigate theiphase and hydrogen storage abilities.
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XRD results of this analysis are shown Rigure 56. We see slight ecrease of C14 Laves peaks in
TisoZraoxNioCuy alloy when 3 and 5 at. % of zirconium is substituted by coppar.TiysZrsgxNii7Cuy

alloys system we observed the lowest C14 phase content at x=0, whereas for x=3 and 5 that content slightly
increased. Or results show opposite effect as was reported by Wang et al. in 2001, 2003a. For the rest two
alloys system with higher Ti/Zr ratio we observed similar effect, namely low amount of C14 phase in
samples without Cu, but the effect of copper addition wa® rsevere in these two systems, since the ratio
Cl4/iphase was higher than inggdrag «Nii7Cu, System.
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Figure56: XRD spectra of ribbons me#pun at 22 m/s, al)isoZr0xNiCu (X= 0, 3, 5),b) TissZrag«Ni7Cu (X=
0, 3, 5), €) TdaZro7xNi»Cu, (x= 0, 3, 5) and d) FiZro4«NigCu, (x= 0, 3, 5).

3.2.3 SEM analysis

Using the scanning electron microscope (SEM) we were able to observe the morphology of-ipeimelt
ribbons (seeFigure 57). The photographs reveal a uniform ribbon thickness of the individual ribbons,
which varies with the wheel speed from 120 to 30 micromekdgsire 51. Furthermore, SEM images
reved the presence of both ductile and brittle failure. The hydrided materials were not observed to be any
different from the asrushed melspun materials, suggesting that even the relatively large hydrogen uptake
associated with an H/M ratio of 1.5 did n@sult in any interor transgranular fracture as part of a
decrepitation process.
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Figure57: SEM images ofmeltspun ribbons

Energydispersive spectroscopy (EDS) analy3iable 6, shows the composition dfisgZr,4Niig melt
spun ribbons was close to the nominal compositiothe freeas well as on the wheside namely in the
area of experimental error, estimatdl-2 %. Zcontrast imaging by baescattered electr@nFigure 58,
showedseconardy phases are presentthe melt spun ribbonsEven though withXRD results we
confirmed the existence & minor extent ofseconardy phases the TisgZr4Nig ribbon, zcontrast
imaging shoved acontradictory and confusing situation, implyieg high contenbf secondary phase,
especially in thé-igure58b.

a) b)

5um

Figure58: BSE image of a)rée side and b) wheel sideTigZro4Nijgmelt-spun ribbon.

Ti Zr Ni
nominal compositior 58.0 24.0 18.0
free side of ribbon 59.3 21.4 19.2
59.3 21.4 19.2
wheel side of ribbon 586 21.6 19.8
588 21.4 19.8

Table 6: EDS data on freeand wheekide of the melspun TigZr,4Nig ribbon, predominantly containing
i-phase.

In order to verify and to be totglsurewe are not dealing with secondary phasesscanned the same
area on the free side ©fsgZro4Niigribbon with SE and BSH;igure59. With this weconfirmedthe black
areas inFigure58b are topological featuresalleys in this case, wheretie black dots inFigure58a are
pores.
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Figure 59: SEM images of the same area on the-fiide of TisgZro4sNiig melt-spun ribbon, taken by a) back
scattered electrons, and b) seconadegtrons.

The minority of secondary phases could not be observed by S&vitast imaging, since these areas
are eithe too small toobserve, to finely distributed in iphase/amorphous matrix or hagesimilar
composition and thus thecontrast is noso evident.

3.2.4 TEM analysis

3.2.4.1 Quasicrystalline sample

TEM investigatios of the meltspun ribbons revealed a large increase in the grain size when the wheel
speed waslecreased. For the ;§Zr40Nizo material mekspun at 22 m/s we observed ~2@ i-phase grais
imbedded in an amorphousatrix. Whereas for the 7dZrssNi;;Cus material mektspun at 18 m/s we
observed much less amorphous phase and the avephged grain size was ~ 50 nm. A brifjetd TEM
micrograph inFigure 60 shows the crstallites of the TiZrssNii7Tiz phase scattered in an amorphous
matrix, which formed due to rapid cooling of the melt. From typical seleuteal electron diffraction
(SAED) patterns in the-fold, 3-fold and 2fold zoneaxes we fand that the vast majority of these
crystallites were the icosahedral phasphése grains are apparently equiaxed and show no preferential
orientation neither along the direction of the wheel rotation nor normal to the wheel surfaces€rtisas

of the ribbons showed that close to the copper wheel the average grain size is much smaller than those close
to the surface of the ribbon, where cooling is slower and the crystals had ample time for their growth. On
the other hand, it is obvioubatthe nuclation rate wasnuch higher on the wheel side thamas on the

argon side. Even though the grains are bigger on fregthigleare not so popular and consequently more
anmorphous phase is present here timathe regions witha high density of smaller girs.

500 nm

Figure60: Crystallites of the TiZrssNi;Cus phase scattered in an amorphous matrix.

The quasicrystalline nature of the grains was additionally confirmed byrésgiution TEM imaging.
Nanosized-phase cystallites were recorded andented close to the-53- and 2fold zone axesas shown
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in Figure61a, Figure 61c andFigure 61e, respectively. In order to enhance the contrast the images were
Fourier filtered using a Bragg mask. SAED patterns of the processed HRTEM images are drigwrein
61b, Figure61d andFigure61f.

Figure61. HRTEM images of-phase grain and corresponding SAED patterns in a)fbld5c), d) 3fold and
e), f) 2fold zone axes, respectively.

3.2.4.2 Crystalline sample

With a TEM investigation ofthe crystalline material we wanted to show the SAED patterns and HRTEM
images as a prodihatthe quasicrystalline order no longer existdie aim of TEM research was to find and
identify d-spacings of coasponding crsgtal planes and combine those with ¥RRD datg Figure 62, by
choosingthe appropriate space group athe lattice parameters.
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Figure 62: XRD spectraof Ti4oZr4oNi20 and Ti45Zr35Nil7CL13 crystalline allog, obtained by annealing dffie i-
phaseaibbonsat 700 ACarfdr8 @0 A® infhighrvacdumtespectively

Since we were not interestedthre position andhe size distribution othe crystallinegrains inthe as
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spun and annealed ribbons, we did not prepare the sample in the same way as wehdiddoase

observation. Namejywe crushed crystalline ribbons in the mortar, then we adiheithr volume fraction

of fenoHormaldehide resin and med itwith sample By hot press we pressed the mixtar¢ 150 AC and
100 Mpa for about 30 min. Frothe cooled pellet (inm thick) we cut 3nm disc and prepadeTEM

sample by conventional method (grinding, dimpling-étching).

Figure 63: TEM characterization of crystallized ;8ZrsoNi.os ampl e upon annealing at 700 /
images a) and b) shotlve same area only differently tilted, namely dark grain is in the zone axis.

3.2.5 Crucible effet

By coinciderre we discovered the effect tife crucible on the structure of medpun ribbons. As said

before, two different crucibles have been used when performingspietiing experiments, i.e. boron

nitride (BN) and graphiteA series of meHkspinning experimentwere done ofisZrsoNizg alloy using BN

crucible. Forthe TissZrasNi;Cus alloy we useda graphite crucible. Both crucibles performed well at
operating conditions (1400AC) andthaoociblesaodrthe metopi ¢ s i
were naticed. But when we studied XRD of ribbons we saw tiabZrioNiy sample was already

amorphous at relatively low cooling wheel spgathmely at 32 m/s. On the other hamdisZrasNi;7Cus

sample was still not fully amorphous at the highest possible vgpeeld our device can achieve, 50 m/s,

Figure49a.

Since the composition difference is not so drastic we suspect crucible material must affect the structure.
From XRD data we could naletect if any new compound haden formed. Both carbon and boron are
well known to have good glass forming ability (GFA), Wu et al. (2009).

To show this phenomenom better we plot just XRD data of ribbonsspatt at 40 m/s, using boron
nitride and graphite crucibleBjgure64. There is a huge structural differerdependingiponthe material
of the crucible used. In case dfisoZrioNizg alloy we end up with single amorphous phase when BN
crucible have been used, and predomingfttase (thex is always some amorphous phase left) with no
secondary crystalline phases if graphite crucible is used.

On the other hand, story is not so simple TogZrssNi;Cus alloy, sincenanascaledBCC b-(Ti, Zr)
solid solution grains are formed the case of BN crucible, namely XRpresents the superposition of a
characteristic BCC b phase peak over a diigbAse diff
and corresponding tan amorphous phas The lattice constant of this BCC phaagis 0.339nm. The
shoul der observed at aathomaphbiughkal anghthdveaeehd@d Aes at
to nanauasicrystlline grains precipitatian_efaix et. al, 2008, performed melt spinniegperiments on
TissZragNig7 alloy by using quartz crucible and got suatshoulderlike diffraction hump of amorphous
phaseandauper position of -(TaZr)sdlicdsolationpbased, with slightlyBigger céll
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constant as we obtained, ndyna, = 0.343nm.

a) b)

Ti40Zr40Ni20, melt-spun @ 40 m/s 1 Ti45Zr35Ni17Cu3, melt-spun @ 40 m/s
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Figure 64: XRD spectra of ribbonsmeltspun at 40 m/s. Material of the crucible has obvious effect on the
structure of both a)iseZrsNig and b)TissZrssNi;Cus samples.

In addition, in tle beginning of our melt spinning experimental work we were using quartz crucibles
only, for production ofTiseZrsoNiz ribbons. As said before, before ejecting a melt through the nozzle, we
heateup the melt to 1400 AC, IashWehave bbsained abbong) thaugh, f or
only we could use them only once. Namely, quartz
temperature was tolow to obtainan optimal amount of uniformly shaped ribbons. But, what is more
important athis point is thailiseZrsoNizo ribbons were amorphous already atm3/3, when quartz crucible
had been usedrud et al., 2005, have discovered that even a small amount of ®.80a2. %) in the i
Zr-Ni alloy strongly affects the ribbon structural tetan the sense of promoting the formation of an
amorphous or a mixed amorphegigasicrystallinestate. They quenched the melt og;hZr:g Nirz o at
1400 A Ccooling wheel@tsurface velocitidd and 30 m/s. Chemical analysis showed the presence
of a small amount of Si in the ribbons, fully amorphous at 44 m/s and amorphous on the wheel side at 30
m/s. They say the most probable source of silicon in the ribbons is the quartz quenching tube (crucible)
used during the melt spinning procedure, duesports ofviano et al., 1995, anbDavies et al., 2000.

XRD analysis of our TipZrsoNiz ribbonsmelt-spun at 32 m/s using quartz crucibleFigure65, show
theribbons were fully amorphous on both siddamel there was only one spectrum recorded on ribpons
alternately laid on the holder, @iide up, wheeside up, respectively.

Ti40Zr40Ni20, melt-spun @ 32 m/s
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Figure65: XRD spectrum of TjpZrsoNiyg ribbons, mekspun at 32 m/s using quartz crueibl

3.2.6 XPS analysis

A surface oxide layer was reported to act as a agibydrogen absorption iRphase ribbons produced

by melt spinning, Viano et al., 200&uthors (Huang et al., 2008) have given just the valugksexurface

oxide layer thicknessebut showed no corresponding XPS depth profiles, oxidation states of elements, etc.
And even more, they reportdidatthe thickness of a surface oxide layer ort@astTisZr3sNii7Cug rods is

no less than@nm. This result is in contrast ¢air findings,namely by XPS we measured the surface oxide
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film thickness orTi4sZrssNiy7Cus melt-spun ribbons was onlyiim, Figure66.
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Figure66. Depth profile of elements in EZrssNi;7Cus melt-spun ribbon.

In order to investigate crucible effect as well, described in the previous Chapter 3.2.5, we used the same
samples for XPS analysis, namely first spun thg BN crucible and other bythe graphite one.
Unfortunately, we were not able see any boron signal the first3 nm of thesample spun by BN
crucible since bororphotoelectron binding energy peak overlapgth the zirconium (Zr**) 3d peakat
182.75 eV.

No difference betweethe XPS spectra recorded dime surface (3 nm) ofhe ribbons melt-spun bythe
BN andthe graphite crucible has been observEijure 67. Except traces of fluorine were found on the
surface of ribbons obtained using bordgtride crucible, even though fluorireould not come fronthe
boronnitride. The only possible explanation feine origin of fluorine is fromthe polishing paste for
polishingthe copper cooling wheel. Namely, it seems some paste remained on the wheel, and it is known
that metal polishing paste m@ins fluoride components.
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Figure67: 3-nm-deep XPS binding energy analysis of ribbons fepih by BN and graphite crucibles.

Another useful information we obtained by XPS is the oxidation state of the esam#re oxide film.
We found we are dealing with zirconium (Z) and titanium (T1") oxide. Nickel and copper are
unoxidised, and they substancially show up only after the firsn8maters of material is etchdeigure
68.
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Figure 68: X-ray photoelectron absorption peaks of a) Ti 2p, b) Zr 3d, ¢) Ni 2p, and d) {ueRgtrons.
Intervals correspond tetchingdepthsthat are roughly 1.5 nm apart, samegasts inFigure66.

Ti 2p and Zr 3d peaks are shifted to slightly higher energies dhe ¢xidation of elements, forming
thin surface oxide layer. Nickel is not oxidized and not even present in first atomic layeref 8kiftp
absorption peak at depth 1.4 nm is relatedhtodischarge of the subtar, which happens quite often
during XPS analysis of conductive samples. Monolayer of seggregated copper was observed when
recordingCu 2p,, absorption peak, since thesfirwo spectra in athe diagrams are taken from the same
depth. Then we get very weak Cu signals at depfttis4 and 2.8 nm, after th#fte copper concentration
quickly reaches stoichiometric value 3 atomic %.
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3.2.7 SQUID measurements

With a superconductinguantuminterference devicg([SQUID) we performed temperatutependent
measurements of magnetization. For this purpose we preparedTil@eNio samples, amorphous,
quasicrystalline andrystalline, Figure 70. There arenano iphase precipitates present in the amorphous
sample, even though it was prepared by melt spinning at the highest wheel speed our machine can undergo,
namely 50 m/s. This precipitation happened, becthegraphite crucible had been used.

Ti40Zr40Ni20

crystalline |

,mk%/"\W_F_,PLAJLU‘~xw_JL..,» s

i-phase
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Figure 70 XRD spectra ofTisoZrsoNioo samples, amorphousphase and crystalline, that were used for SQUID
(and VSM)experiments.
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Figure71: VSM hysteresis curves of amouaks, icosahedral and crystallileeZr,Ni>gsamples.

All three samples were analyzed by VSM fifsigure 71, and then by SQUID techniquEigure72. By
VSM we have gohysteresis curves recorded at room temperature and external magnetiarfjeld from
1 Tto-1 T, whereas by SQUID we were able to perform very low noise temperature dependent
measurements of the magnetizatidie external magnetic fielth SQUID devie was set at constant
value, 0.1T andthe temperature varied from 400 K to 4 K and back to 400 K

Even though the structure of these samples is different, they all show paramagnetic behaviour with
similar susceptibilitiesonly i-phase and crystalline safas are showing small ferromagnetic contribution
as well. In order to verify which type of paramagnetism we have in these alloys we performed temperature
dependent measurements of magnetization by SQBigyre 72, since cooling system of VSM is not
capable to achieve 4 K and the sigtmhoise ratio is very poor for this type of experiment as well.
Amorphous sample is showing spin gkike behaviour, since its magnetization depends on whether the
sample is beig heated or cooled. This effect is also well known as thermal memory, which is the reason for
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the hysteresis of corresponding SQUID curve.
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Figure 72 Results of SQUID ana$ys of amorphous, iesahedral and crystallin€iseZr4oNioo samplesBlack
arrows denote cooling and heating, respectively.

3.3 Hydriding

3.3.1 Thermogravimetryf desorbed hydrogen

Figure 73 represents the case how we measured the contel@sofbed hydrogeby thermogravimetry,

where we tracedhe mass drop due to hydrogen release at certain temperdiegeshoseto show just

three examples of TG curves of three different structures (amorphous, quasicrystalline and crystalline) with
different amounts of hydrogen desorbed, in order to demonstrate how the mass content of hydrogen was
measuredRaw data were processed by cormsfing Netsch Proteus software by choosing the highest and

the lowest point of the curve and subtiiagtthem The reslting number was the mass % of desorbed
hydrogen.

100,5
— amorphous, 0.68 wt.%

—i-phase, 1.63 wt.%

—_— i 0,
100 - crystalline, 1.84 wt.%

99,5 A
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Am/m (%)

98,5 A

TisasZr3sNi17Cus

98

150 250 350 450 550 650 750

Figure 73 TG curves of hydrogen desorption from amorphous, icosahedral and crystalifesNi;/Cus
samples, all subjected to the same loading conditions.

To veify the accuracy and precision G datawe did desorption of hydrogen from five different
samplegstructurally and stoichiometricallyyvhere we weigbd thesamples (arouwh 300 mg) beforend
after the desorption. It should be noted that for TG measergs we used about 25 mg of sample and
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mi crobal ance with 0,tHhecasegofthpdesorptions by @lactric fwiaeérbdite i n
attached on turbwacuum system via silica tube we were using standard digital balance with 0,1 mg
precisbn, whichis 1006times less than at TG.

Regardless of such discrepancy in precisibbhatances, we were able to successfully demonstrate the
correlation between mass % values of desorbed hydrogen, obtained by two different metho&gyufeom
74 we see these results are quite well correlated, where contents of hydrogen, obtained by Carbolite
desorption, are always higher than tredues achieved hiyre conventional TG route.
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Figure74: Comparison of mass contents of desorbed hydrogen from five different samples, obtained by TG and
by weighing before and after desorption using Carbolite furnace attachgdamic vaccum via silica tube.

3.3.2 Massspectrometry of desorbed hydesgy

The aim of these measurements was to investigatdistribution of hydrogen desorption temperatures, i.e.
hydrogen bonding sites in different samples, depending either on chemical composition or structure. For
various reasons quantificatiarf these pectra (integration) in order to determine the amount of desorbed
hydrogen is not accurate and reproducible. First, to measure the exact afmwoyoiiogen coming in the
massspectrometer, we should use internal standards, i.e. samples likgH}.ahth known content of
hydrogen.But even this would not give us correct values since part of hydrogen reacts with oxygen that
difuses through polyethylenpipes for argowgarrying gas and so water comes in thesgsspectrometer
instead of hydrogen. This oxygencame affects TG results as well, even though not to such extent as
massspectra intensities, in sense of increasing sample mass due to its oxidation, which starts at similar
temperatures as water formation does. Namely, we had observed thiswéféectpeformed the same
experiment with eithean empty sample or sample withvery small amount of hydrogen. Thus, we think

the released hydrogen prevents oxidation of the sample to some critical ratio reledsiegt of Q.

When this ratio is reached, madsof H, starts to decrease sinttee subsequent oxidation of the sample
occurs.This explains higher weight contents of hydrogen obtained by weighangamples before and

after desorption using the same temperature program, butigh dynamic vacuuml(® mbar) insteacf

in argon flow. Also, 1@imes more material was used in thise to ensure better precision.

And second, electronics that measures very small currd®S'A) of charged speciesHf) in
quadrupolar coln is subjectedo drift, which means intensities of maspectra should be taken in
atbitrary units like XRD spectra. But this drift is not so strong so we can roughly compare areas under
massspectra and predict the amounts of desorbed hydrogen from differgsiesam order to dahis all
thespectra were dividkbythe corresponding sample mass.

So, basically both results, TG mass change and area undesspeatsim are always affected by
oxidation to the same extent, since there is always same residual oxygen content pregent 5n04ottle
and the diffusion of oxygen through PE pipes is presumably constant. But, if we plot area/sample mass
(A*s/mg) versus mass % of hydrogen obtained by Hgure 75), we geta linear response with heg
scattering, which is exclusively due tioe electronic drift of masspectrometer electronics, mentioned
before.When recording samples with no or negligible amount of hydrogen desorbed, we detected ~ 0.2 %
weight increase, which is due to oxidatitimus points inFigure75 should have plus 0,2 mass % of H error
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bars. Nevertheless, this discrepancy was shoviaigare 74 as well, namelyhe numbers there are higher,
sincehydrogen desorption there occuredaihigh dynamic vacuum. Estimated relative experimental error

of the massspectra area size normalized to sample mass is about 40 %. If we divide experiments into
different periods, we see thie relative error is pretically two times smalleiOf course, oxidation affects
massspectra as well, so all areas should be systematicaly bigger (like TG data), but this is not the reason
for such scattering.
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Figure 75. Plot of areas under maspectra normalized to sample mass versus mass content of desorbed
hydrogen, measured by T@ graph a) points are divided according to date of measurement, whereas in b)
points are sorted due to composition (density).

By Figure 76 we want to demonstrate the shape of ngmEtra is strongly dependgnst on the
crystallographic structure of the sample and to minor extent on its composition and hydrogen content.
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Figure76. Massspectra of desorbed hydrogen are strongly deg@rjdst on the structure emple, and only
slightly dependent on the composition or hydrogen congiti 4,oZr40Nize andb) TizsZrasNiiCus.
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As seen beforéhydrogen bonding site distribution fephase phase has a characteristic shape and thus can
be easily separated from amorphous and crystalline one. In other words hydrogen desorption temperature

distribution rathestrongly depends on the structure of measured sample.

Next logical question that arisés whether the shape of such distribution is somehow affected by the
content of bonded hydrogen in the materféure 77 shows the answer to that questiohle can se¢hat

the peak intensity ratios bet ween

ow

(500AC) ¢

dependend. Namely, this ratio is increasing with the hydrogen content. Physical explanation of this
phenomenonis rather simple, since protons first bond to energetically favorable sites, represented by high

temperature of N
sites, increasing low temperature desorption pe&k@i A C .

—1 bar, 1.53 wt.%
—45 bar, 500 min, 0.83 wt.%
- -45 bar, 1000 min, 1.72 wt.%
- = -45 bar, 2000 min, 1.99 wt.% QN

counts Hz [a.u.]

Tis3Zr27Ni20 i-phase

200 300 400 500 600 700
TI[C]

desor pti on,pfotdns QoActhermodyamically less stabke

sit

Figure77: Massspectra of desorbed hydrogen frdisZr7Niog i-phase samples, containing different amount

of hydrogen, i.e. hydrided for various extent of time.

Furthermore, we compared hydrogen siterilistions of iphase samples with different compositions,

andwith highest mass contents of hydrogEigure78.

—40-40-20, 1.31 wt.% H
—45-35-17-3, 1.56 wt.% H
—53-27-20, 1.72 wt.% H
~——58-24-18, 1.81 wt.% H

Counts H2 [a.u.]

T[C]

Figure 78 Massspectra of desorbed hydrogen frorphase amples with different compositions and highest

content of hydrogen.

From above results we may conclude that gdhases with different compositions and thus-cell
parametersaawe have seethemin Chapter 4.3.have similar shape of hydrogen maggctrun. Namely

al | four compositions contain two

ma i

n

desorptio
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The position of these twoeaksslightly varies with the composition, though. Samples with highest contents
of titanium (and hydrogen) posesavadditional peaks, where the lower ones almost coincide and are

pl aced

ar ound of5te (QeaksCr, e tphlea creeds {TasdZr,;Nb,ladd a6 5f 0ArC

TisgZro4Niyg, respectively. One might ask, whether these two peaks appear becauseeaitditierposition
and thus electronic structure, which enables protons totbama additional sites, dheyaremore related
to the fact that these two compositsocontain higher weight of hydrogen. The answer is rather simple,
namely if we compare ¢éhspectra of the last two mentioned samples wehsgé he 560 AC
expressed foilisgZr4Niqg alloy, even thouly they contain comparable amount of hydrogen. And since

pealsa t

€l1l@and

625

A C thid phenoraenomanuist Imeardduk o the electronic structure

of the material rather than due to hydrogen content. Especially when we thifke0fsoNie and
TissZrasNi;,Cus massspectra that do ndiaveeventhese two small peaks. Not even a sign.

Interesting results were obtained wikie investigation of hydrogen desorption temperature distribution
of samples with the s@ basic composition, where ortlye content of dopant (Cu) was slightly varied,

Figure79.

Figure 79: H, massspectra of a) EkZr7xNigCu, and b) TigZro4xNigCl, sampés loaded with comparable

a)
- =--x=0,1.72Wm.% Tis3Zr27-xNi2oCuyx i-phase
=3, 1.68 wt.% | | loading time: 1000 min
——x=5, 1.65 wt.%
200 300 400 500 600 700 800
T(°C)
b)
Ti58Zr24-xNi19Cux i-phase
—x=0, 1.81 wt.%
—x=3, 1.72 W%
—x=5, 1.71 wt.%
200 300 400 500 600 700 800
T[°C]

amountof hydrogen.

for

peak i

Obvious difference betwe€hiszZro7.xNisgCuy gnd TkeZraxNigCl, massspectra is that the second
( morebegplessell oy theisgdro, «Niw@uh This difference comes from

hi ghest peak

different electronic structure dependent on the composition. Also, dependence of peak positions around 500
A Cn te copper content is different for observed basic compositions. But if we take a closer look on the

around 740AC, we can see that
highly bonded protons, but its content as well. dalwf these desorption temperatures are shown in

peaks

pl aced

copper

S
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Table7.
X TisaZr27xNizoCly TisaZr24xNizgCly
0 749AC 749AC
3 729AC 732AC
5 720AC 726 AC

Table7: Desorption temperates of highly bonded protons from two different compositioith @&, 3 and
5 atomic % oftopperaddition

3.3.2.2 Hydrogen in the amorphous phase

Amorphous material was processedvim steps. First step was msftinning at 40 m/s, producing brittle

ribbons withsmdl i-phase grains as we anticipat&fittleness of ribbons allowieus further mechanical
amorphiation of the material athe second stepwhich we performedy planetary baimilling for 60

hours. XRD results ifrigure 80 showedthatno stable hydridesT{H, andZrH,) were formed upon high

pressure hydrogenation of arpbous material, aseportedelsewhere (Takasaki et al., 200Peaks at
around 38.4A in all four spect hoas powelér s iogned oot ofa | u mi
agglomerated granules, formed upon milling, and thus can not cover the whole surface of the holder.

a) b)

Ti40Zr40Ni20 Ti45Zr35Ni17Cu3

0.81 wt.%

ki loaded for 1000 min
N1
‘fl‘ﬂ“"’ ,’{ "“,A i

1.22 wt.%

(e i N ™ 1y,
{H‘m,)ﬂ Tty ‘Hr“\‘.‘;“;,4.'»;,@:4---',‘”" bl

] . v"fu;f{‘“ !
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Figure 80: XRD spectra of amorphous 4£r,0Ni»g and TissZrssNi7Cus powders, hydrided for 1000 min at
300AC and 45 bar.

In order to clearly see the shift of XRD amorphous halbfour spectra were filtered by fast Fourier
transformation (FF); using Diffrac Plus Evaluation (Eva) software pack&igure81.

Ti45Zr35Nil7Cu3 Ti40Zr40Ni20

. 0.81 wt.% = - 1.22 wt.%

loaded 7
loaeded G S e

“__as-prepared Z
ST ) N Vgns-prepnred‘ s

e O S e o e o B B e e L (30 0 5 O 5 O LB e e
30 40 50 60 70 30 40 50 60 70
2 Theta (°) 2 Theta (°)

Figure 8L: FFT of amorphous XRD spectra. The shift of amorphous halo indicates the interatomicedista
increased upon interstitial protons, and it is proportional with the content of hydrogen obtained by TG.

In case of TjZrsoNizpa mor phous materi al this shift was 1.5A
whereas the shift foFigsZrssNi;;Clkamop hous mat er i al was | ess H,han 0.
According to Westlakeule we were able to calculate or at least estimate [H]/[M] value for these two
samples. Since in metallic glasses there is no crystallographic order we do not have eelNsuither.

There is only one average interatomic distance, which can be used as alternative to conventional cell
constant, and the volume of this alternative cell is a sphere with a radius of that average interatomic
distance. We do not even need thmsaute values of these parameters, since [H]/[M] value can be
calculated using onlyolume (sphere) expansion. The Westlaauation(Equation 24 is universal for all
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hydrogen absorbing metals.says, whenth& ol ume expansi on O#f teeisadeds unit
proton bonded to a metal atotd.s i n g B r éEguatidrs 19 Weaocan calculate average interatomic
distance in our amorphous alloys from the position of amorphous halo pegkiia81.

[HVM] =5 x oV (24)

For TiseZraoNisg asprepared material d is 0.2365 nm and 0.2456 nm for loaded one. The difésen
0.0091 nm. FofissZrasNi;Cus asprepared amorphous material d is 0.2348 nm and 0.2404 nm for loaded
one. The difference, 0.0056 nm, is smaller as expected due to lower wt. % obtained by TG. From these
numbers we can calculate volumes of spherdsradii calculated above, usingj&ation 25

V. = 4/3 ° rj (29
First, forTiseZrsoNizgmaterial volumes of spheres are:

81 nmj

V (asprepared) ® . 0553
23 nmj

V (loaded)=0, 06 2 0

which means volume expansion equals to 12 %, which corresponds to [H])/[M] = 0.60. We did the same
calculationfor TissZrasNi;7ZCus material andhe volume expansion was 7 %, giving [H]/[M] value equal to
0.37.XRD results implythat1.7 timesmore hydrogen have been storedigZrioNizoamorphous material
than inTissZrssNi 7Cus at the same loading conditiotemp e r at ur e 300 AC, pressure 45
minutes. TG results gave us similar picture, namely mass content of desorbed hydragen5 higher
from TiseZrsoNizoSample. Masspectra of these two samples are showFignre32.

—Ti40Zr40Ni20, 1.22 wt.% H AMORPHOUS
- - -Ti45Zr35Ni17Cu3, 0.81 wt.% H

Counts Hz [a.u.]

200 300 400 500 600 700 800
T[°C]

Figure 82 Massspectraof desorbechydrogenfrom amorphousTiseZrsgNisgand TissZrasNiCus samples, both
|l oaded at 300AC and 45 bar for 1000 min.

TG and nassspectrometry of desorbed hydrogiam the same amorphous,sZrssNi/Cus sample,
gavethe same desorbed hydrogen mass %, even though one loaded for 500 tinégrotret for 1000 min.
By these results we confirméigiatall hydrogen is already absorbed in less tBdrours.
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amorphous Ti4sZr3sNi17Cu3 e

- -1000 min, 0.81 wt.%
—500 min, 0.82 wt.%

200 300 400 500 600 700 800
T(°C)
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Figure 83: Massspectra of hydrogen desorption frorysZrssNi;;Cus amorphous samples, loaded for 500 and

1000 min. The same amount of hydrogen was desorbed from both samples.

3.3.2.3 Hydrogen in crystalline phases

The production of gstalline, i.e. C14 Laves pka and (Zr, Ti) solid solutiorsamples by melspinning
was rather unefficient, since very small amount of ribbons was useful for subsequent crushing in the mortar
to get the powdenyith which it is much easier togsform futther investigationsTo avoid this step we

produced crystalline material by annealing of splinip has e r i bbons

at

700AC

10° mbar vacuum. XRDBspectraof asprepared and loaded ssZr3sNii7Cus samples are showin Figure

84With this material we did
hydrogen gas for@ min and second for 1000 min.

Ti45Zr35Nil17Cu3

; | 1.84 wt.%
ﬁ \
loaded

AR -f‘*"'n)l'» V-J‘"v”ihft"# &v! Ve
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.
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two hydriding

exper.

Figure84: Lattice expansion of hexagonal C14 Laves phase and cubic (Zr, Ti) solid solutions due to interstitially

bonded protons.

We have got interesting results by mapstrometer, where analysis amystalline TisoZr4oNize and
TissZr3sNi 7Cus samples was de, Figure 85. TG of TissZrssNi7Cus sample showethat they contained
comparableamounts of hydrogemamely first sample loaded for 500 min contained 1.84 wt. %, but the

min.

second one contaéd slightly less hydroge 1.74wt. %, even though it was loaded for twice as long, 1000

f

(

m
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a) b)

Tia0Zr4oNi20 TiasZr3sNi17Cus

— 500 min, 1.69 wt.% —500 min, 1.84 wt.%

— 1000 min, 1.69 wt.% — 1000 min, 1.74 wt.%

H2 counts (a.u.)
H2 counts (a.u.)

T T T T T T 1 r T T T T T T 1

100 200 300 400 500 600 700 800 100 200 300 400 500 600 700 800
T (°C) T(°C)

Figure 85. Massspectra ofdesorbed hydrogen fromrystallinea) TisoZrioNis andb) TissZrasNi;Cus samples,
loaded for 500 and 1000 min

3.3.2.4 Partial dehydrogenation of iphase

Since there are two hydrogen bonding sites in the icosahedral material, related to two desorption
temperatues, we asked ourselves hpwa r t i a l hydrogen desorption from | ov
affecs XRD spectum. Would this desorption appear inrXy diffraction just as partial cas complete
desorption of hydrogen fromphase? The answer is givenHigure 86, which implies that hydrogen was

fully desorbed from the asahedral grains, since the diffraction peaks of desorbed material returned back to
the initial state of the agpun material peaks. Two questions arise from that result, namely is it possible that
hydrogen from high bonding energy sites (desorption aA7@0 s o mdistributes to lew energy sites

from where it is simultaneously desorbed? &uld that second peak ilphase masspectrum belong to
hydrogen in the amorphous matrix, because this hydrogen could not be seen by XRD. To get better insight
if there is still some hydrogen trapped inside the material, we measured magnetic properties as well.
Results shown ifrigure 87 reveal that the magnetization of partially déssal sample is still higher than

the manetization of the initial sample. Nevertheless, another important feature can be obsé&igeadein

86, namely no stable hydrides, suchZzaldl, andTiH,, wereformed after desorption, which means that this
materid hasreversible hydrogenation characteristics.

i = (Zr/Ti)H2 TiS3Zr27Ni20
i i
L i desorbed @ 510°C L L !
P et st |

| A
-J U M hydrided, 1.72 wt.% H | \

st

[ as-spun @ 22 m/s
|
IIII|IIII‘|IIII|\\\\‘\\\\‘\\\\‘\\\\|IIII|IIII‘\\\\1

30 40 50 60 70
2 Theta (°)

Figure 86:. XRD spectra of aprepared, loaded and unloadedsdi,;Ni,g i-phase implieshat this material can
be already fully unloaded at low desorption temperafsgeFigure77). No stdle hydrides have been formed
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Ti53Zr27Ni20 i-phase

——as-spun
——in H2 500 min, 0.89 wt.% H

——in H2 1000 min, 1.72 wt.% H
——H2 desorbed at 500°C

M [emu/g]

Field [G]

Figure 87: VSM dataof TisaZr,7Niy i-phase ribbons; gsrepared, loaded with two different, ldontents, and
finaly desorbed at 500AC. Even t hough nmasmeanertse aah bee hy dr c
irreversible magnetic response (red curve).

To see if there is really any hydrogen Il eft in
Figure 87 implies, we did mass pectr ometry of residual hydrogen |
Results inFigure88 showthatthere is a small amount of hydrogen starting todess at 600AC. Th
of desorbed hydrogen was too small to be detected by TG, since the experimental error is estimated around
0.05 wt. %. These results confirmiét all hydrogen was desorbed already 51 0AC after 50

—1.72wt.% H TissZr27Ni2o i-phase
—desorbed at 510°C

200 300 400 500 600 700 800

Figure 88 Massspectra of desorbed hydrogen from fully loadégZr,4Niigi-phase (1.81 wt. %) and the same
sampl e, after hydrogen was desorbed at the first ani

3.3.2.5 Low pressure hydrogenation of ribim

Due tothereports of Konstanchuk et al. (2001) titanianmd zirconium alloys undergactivation as a result
of heating in vacuum or at low hydrogen pressure before hydriding. Dinérennealing rupture of the
surface oxide film occurs, either becausf cracking due to the differences in the thermal expansion
coefficients of metal and oxide, or because of partial dissolution of the oxide. The rupture of the oxide film
causes the formation of additional hydrogen adsorption centers and, as a comsetpgeincrease of
hydriding rate.

To verify this theory on our material we did series of hydrogenating experiments at normal hydrogen
pressure (1 bar), which included activation steps at different conditions. First, wepmeKissZr,7Niog
ribbons at 22n/s to get the icosaherdal structure, Begire 89. We have not even crushed the ribbons in
the mortar, but whole flakes were placed inside silica tube, attached to vacuum system and hydrogen gas.
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Whenwe anneate r i bbons at 450ACsiubsthygdir@algeamdwnt 6ofhoax sar
phase formed simultaneously with thphiase expansion. Similar happened with the sample annealed at

500 and 300AC for two h ephasesexpansienvapbigget in thiedase..Butdm | y t h a
both cases a lot of (Zr/Ti)Hsolid solution phase has formed. On the other hand, during hydrogen
absorption via Acomplicated programo descri-bed in t
phase expansion ogrred.

From these findings we may concluttet the low pressure hydrogen uptake inZFiNi icosahedral

alloy is very sensitive on selecteaftivation route. First, we did spal | ed #Acomplicated
activation, which contained few activation steps: hour s at 450AC in hydrogen (f
cooling in hydrogen flow for 24 hour s, 2 hours at

absorption in hydr daegeahqudtionrthatGrisésdront s result is SiE0ONA €in

skip the last two activation steps and obtain the same amount of hydrogen in the material jhstfefier

step. The answer is no, since secondary crystalline and hydride phases are formed in case of loading the
sample without activation.

Figure 89: XRD spectra of ribbons hydrogenated at normal hydrogen pressure, subjected to theiouzd
activation regimesHT denotes hedteatment.

Figure90: Massspectraof desorbed hydrogen from icosahedral samples, hydrided at normal hydrogen pressure,
at different heating regimes.























































































