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( Abstract 

Electrochemical methods have been used to measure the solubility and cliffusivity of 

hydrogen in amorphous Nz60Zr40 over a wide range of hydrogen concentrations. It i" 

found that Sievert's law is not obeyed and that the concentration of hydrogen in the 

metallic glass varies as pl/4, P being the pressure of hydrogen. In the concentration 

l'ange of hydrogen measured, the diffusion constant of hydrogen incl'eases by more 

than a factor of ten. A Gaussian distribution of hydrogen binding energy was used to 

explain the concentration dependence of chemical potential. A possible expIa nation to 

the concentration dependence of diffusion coefficient was also given. 
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Résumé 

Des méthodes électrochimiques ont été utilisées pour me"iUl'cr la solubilit(; l'f Ici cltfru-

sivité de l' hydrogène dans des échantillons amorphes de Ni60Zl',\O SUl' un lell g<' dOIl1é\illt, 

de concentration en hydrogène. Les résultats ont révélé que la loi rie Sie\'C'1 t Il'(''it pd'i 

respectèe mais que la concentration d'hydrogène dans le métal amol phI' \'(\1'1(' «(JIIlIIl(' 

PI/4; P étant la pression d'hydrogène. Dans le domame de concentration 1lH'''IIn''(' p0111 

l'hydrogène, la constante de diffusion de l'hydrogène augmente d'liB fact.cllI ";IIP(,,'II'\('1I1' 

à 10. Une distribution gaussienne de l'énergie cie liaison de l'hydrogène a (;!I~ lit ilis<"(' 

pour restiture la dépendance du potentiel chimique avec la concenLlation. IJne <,x-

plication est proposée pour exprimer la variation du coefficient de diffusioll i1\'('(" leI 

concentration. 

-
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Chapter 1 

Introduction 

In 1866, Thomas Graham[l] discovered that Pd absorbs large amount of hydrogen gas 

wlllch also diffused through the metal several Ol"ders of magnitude l'aster than othel 

gases He suggested that Pd cou Id he used clthel' to extract hydrogen 1I0m (1 gas 

"tream or to l'urify It. Since then, the field of metal hydrides has continuee! t.o attl'rlct 

thf' interest of scientists. In addItion to various pOSSI bIc applications( e.g the potC'l1-

tial of metal hydrides to moderate nuclear reactors and to store hydrogen l'eversibl.v). 

physicists were mterested in the fact that metal-hydrogen systems exhlblt many key 

pltenomena of solid state physics such as' magnetlsm and superconductivit.y : hCéWy 

f'lf'ctron behavior; alloy formation; superlattices[2]; fractal behavior; metal- ~eInirlll1-

dnctor transitions in the bulk and at the surface; surface reconstruction élnd surface 

segregation; phase diagrams; order-disorder transitions; quantum diffusion; formation 

of disordered and non-crystalline matenals. 

Two quantities, the solubility and diffusivity in metal hydrides, are impol tant. for 

1 
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many applications. Fo:- example for hydrogen storage, soIubility directly dpI (~IIlIIIl('''' 

the amount of hydrogen that can be stord , while diffusivit.y will determl1ll' t IH' kt!H'lll'" 

of loading or extracting hydrogen. 

A great amount of data exists for bath crystaIIine and amorphous Illctal Il) drld(·.., 

"'ystems, In crystalline materials, there is usually a phase t l'ansit ion al. 11Ig Il 1 i \ cl 1 ()-

gen concentratlOns[3]. This arpears, as a plateau in the presslll'e-conce1lt ra t 1011 (p-( ) 

Isotherms, which is helpful for hydrogen storage since a large increa:>e of h.vdIOgf'1I (On-

centratlOn can be effected with little increase in hyclrogen pressure. The diffll~I()1I 01 

hydrogen in crystalline metal hydricles usually obeys an Arrhenius law implying t h,lt 

there is a well-defined activat.ion energy for the hydrogen diffusion process. How('vC'I' 111 

amorphous metals no plateau has yet been found in p-c isotherms and n01l-AI d\('lIi 1 1'" 

behavior for the diffusion is also fOtmd ..,ee fig.l.l for the comparison of p-e I~ot 1\('1'111-; 

of crystalline and amorphous metal hydrides.). 

The ahsorption of large amounts of hydrogen usuallj causes the mf'ta 1 la tt i('(' 1.0 

expand and makes an alloy or metal brittle. For crystalline metals or internwtétlll( 

compouncls, the embrittlement together wIth the expansion will pUIVCIIZC tll(' 11\('1 (Il 

after a few cycles of hyd rogenation. For amorphous alloys, however, titi' 1ll,,1 ('1 i ,t! 

can keep its shape even after many cycles of absorptIon and desorption of ltydlogC!lI. 

The ductility of the material can be recovered after the hydrogen is drivclI Ollt tllf' 

material. This property of amorphous alloys, therefore, makes the matel'iéll ea..,if'1 1,0 

handle when used as a hydrogen storage media. lt may seem that the nOllexi"U'I\( C' {JI 

plateau in p-c isotherms does not favor the use of amorphous metal-hycll'op,ell ..,\'..,km 
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Figure LI: Schematic di<'lgralll of 

p-c isotherms of crystallille dnd 

amorphous materials 

as hydrogen storage medium, However, a sufficiently low slope[17] to give a rcasol\<1ble 

change in storage for a change in pressure, together with good kinetics, would lT1élkc tlw 

material usable, Furthermore, sorne amorphous alloys have larger total absorption than 

their crystalline counterparts, For these reasons it is worth looking at high hyclrogen-

absorbing amorphous alloys, 

There are many ways to study p-c isotherms and hydrogen diffusion, ThC' .... <1l1lple 

may be charged with hydrogen directly from the gas phase, or electrolytically, 01' c\'en 

by proton implantation, The diffusion coefficient can be measured by NM R, t'rom the 

absorption and desorption rate[4], by electrochemical methods[5], or by rnechemical 

relaxation[6J, But compared other methods, the electrochemical method. which ,,'C' 

mainly used in this study and will be detail described in Chapter 3 , has the follo\\'ing 
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advantages: 

• It can measure small changes in chemical potential precisely, measurements that 

in gas loading require sensing extremely small pressure changes. 

• It can measure the chemical potential and diffusion coefficient simultaneously. 

• It eliminates the dissociation process of hydrogen at the metal surface. (In gas 

charging, hydrogen moleculel1 have to dissociate at the metal surface into hydro-

gen atoms in order to get into the metal. In electrochemical method , hydrogen 

exists in the electrolyte in the form of H+ , it will give out its charge at the metal 

surface to become atomic hydrogen, and then goes into the metals, so facilitating 

the charging process.) 

The only drawback of the electrochemical methoù i. that it may increase the possibility 

of contamination at the interface between electrolyte and the metal. This problem 

can, to some extent, be s~lved by treatment of the sample[7]( e.g. polishing with emery 

paper). 

This method wu therefole chosen to do the measurements in this thesis. It is actu-

allya double cell technique[7]. Each cell is equipped with a refere:.,ce electrode, which 

has constant chemical potential and is made from calomel( H g2 C '2), sat urated K CI, Hg 

and Pt wire (The electrode is called a saturated calomel electrode), and a counter elec-

trode which is a Pt sheet and is used for passing and counting the large current when 

charging the sample with hydrogen. The sample i. then used &1 a common grounded 

eledrode {or both cells. At rest, both sides are open circuit and the potential dift'erence 
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between each face of the sample and the corresponding reference electrode is measured. 

Loading the sample with hydrogen is done by applying a current pulse at one cell (the 

entry side for hydrogen), which creates H at one surface of the sample and 50 changes 

the potential difference at this side instantaneously. After the pulse (the system being 

now in the rest condition), the chemical potential or the potential difference at this side 

will decay, whereas at the other side (the exit side), &fter a short delay, the chemical 

potential will arise as the hydrogen diffuses through. Fitting the transient at the exit 

side with a solution for the diffusion equation at this boundary condition (current-pulse 

charging and open circuit &fterwards), we can obtain the diffusion coefficient. At the 

same time, when the hansient becomes saturated, we can also obtain the equilibrium 

chemical potential. Fig.1.2 is a schematic diagram of such chemical. potential change 

at both sides &fter the current pulse was applied. 

In Chapter 2, amorphous metal-hydrogen systems are reviewed. Then the details 

of measurement principles and experimental. set-up are given in Chapter 3. Chapter 4, 

gives the results and discussions and Chapter 5 presents the conclusions. 
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CHAPTER 1. INTROJ) UCT/OS 

(i) 

(ii) 

Figure 1.2: Schematic didgralll of 

emf changes in currenl pulse t('ch-

(iii) 
nique. (i) A current pulst· appli('d 

at lo; (ii) The em!' chang<'s c\1 Ill<' 

entry sicle; (iii) The cm!' challge!'> 

at the exit sicle 
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Chapter 2 

Hydrogen in amorphous metals 

This review will be confined to those properties which relate to the title of this thesi:,. 

namely the site occupancy, solubility and diffusivity. A comparison between amorphotl<; 

and crystalline metal hydrides is given whenever possible. 

2.1 Site occupancy 

Because of the disordered structure of amorphous alloys, it is difficult to determinf' 

uniquely the nature of the sites occupied by hydrogen. There exists, however, consid

erable evidence that hydrogen occupancy in many amorphous hydrides consists of a 

series of sites with a quasi- continuous range of energies. 

In 1980, J.J .Rush et al., from inelastic neutron scattering data in amorphous 

TlCuH13 [1l], found, from the neutron intensity versus energy transfer, the same peak 

position at the spectrum as for crystalline TiCuHo 93, but that the wiclth of the spec-

7 
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Figure 2.1: Nell t 1'011 

1 

1 
[, 

inelastic scattel'ing spectra measll\'t'd at ï81\ 

for crystalline TiCuHo 93 and 1'01 rllllOl'phOIlS 

TiCuH13(from rcf.[2]). The elH'l!!,y l'(,f'lol\1-
, 

tion (FWHM) near the peak is in(hcated h~' 

120 200 

Photon Ener9Y' ImeV) the horizontal bal' 

~ 
~ 

trum was approximately 4 times wider in the amorphous than in the crystallinc al· 

~ 
~ 

~ 
1:-

loy( see Fig.2.1). They interpreted this as indicative of a wide distribution of local 

~ 
f environments for hydrogen. 
~ 
1 

~ 
~f 
V. , H. Kaneko and co-workers reported a similar result for amorphous Ni-Zr [121 by 

t 

1 

comparing the neutron inelastic scattering spectra of amorphous NiZrH I8 with 1 he 

crystalline hydride NzZrH28 . Both spectra had pronounced peaks at applOxilllat.('lv 

! 
r, 120meV representing the primary vibration mode of the solute hydrogen, but. the ppak 
, 

! 
f. 

1 

width associated with the amorphous sample was about twice as wide as the C1'yst.alliIlP 

material. However, whereas Rush and coworkers observed a single, broad, syrnmetl'ic 

peak in their scattering spectra for amorphous Cu-Ti hydndes, Kaneko and cowol'k-

ers found a number of (overlapping) peaks m their measurement. They aSf'llgnC'd the 

t .... 
central, high intensity peak to hydrogen vibration in a. site tetrahedl'ally cool'dinated 

.. to metal atoms (similar to the so-called c-site in the cl'ystalline NiZr hydricle) and 



2.1. SITE OCCUPANCY 

rt. "1II,dlel', ~ccondrt.l'y peak as representing H vibration in a hexhydral(six-t'old COUI dl

natcd) sIte (similar to the b-site in the NiZr hydride crystal). In fact, hy élsslIll1ing 

tltat the ratio of tetrahedra to hexhydra was the same as the crystal (c\bo\lt. 2). the)' 

proposed a statistical model for hydrogen sites in amorphous alloys \Vit h a vic\\' to 

explaining trends in hydrogen capacity as a fllnction of alloy composition. 

In 1981, K.Kai et al. [13]used X-ray diffraction and pulsed neutron total scattcIÎng 

measurements to construct the structure factor S(Q) for amorpholls Pd3SZr61 111f'lt

quenched ribbons loaded with hydrogen (Pd3SZ1'6SHlOd or deuterillm( Pd3s Z/'n.,Dr 

X=O, 17, 42,85, 125) (see Fig.2.2) By Fourier transforming the X-ray del'lYf'd S( Q) l'or 

the hydrogenated sample, these workers constructed the pair correlation runct 1011 g( l') 

and the radial distribution function(RDF) given by 41l'r'lpg(r). Kai et al. found that the 

first peak in the RDF of the unhydrogenated sample spHt mto two distinct sub-peaks aL 

the Pd3SZr6SHIOl composItion. This splitting was interpreted as a hydrogen-mclllced 

expansion of the Zr-Zr nearest-neighbor distance(from 3.20A ta 3.32A) while the Pd-Pd 

and Pd-Zr distances were left unchanged. They found a sÎmilar effect in the RDF de

rived from neutron scattering on the Pd3SZr6SDx alloys Additionally, they fitted this 

spectra with a superposition of two gaussian peaks, and determined the coordination 

number of metal atoms around the H or D by the area under these peaks. They round 

that the coordination number changes with H or D concentration. At low hydrogen or 

dellterium loadings, H or 0 is located in distorted tetrahedral sites comprisecl of 4 Zr 

atoms. At higher H or D concentrations, they suggest that D or H occupies octahedral 

sites in the amorphous structure. At still higher concentrations( H / M = 1.25), they 
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Figure ~,2: The reduced radial di,,! 1 ibu! iOll 

functions G(r) obtained for (a) Z"2Pd rlS 

quenched (b) Z/'2Pd c\l1Iwdlcd al lqOC fol' Il 

ref.[S]) 

concluded that the average local atomic arrangement of ,5 metal atoms al'Olllld cl Il 

atom previals(hexhydral sites). 

Suzuki et al.[14] described the results of inelastic neutron and neutroll \.ot.al S( ,11-

tering experiments utilizing short wavelength pulsed neutrons, Ilsed to prol)(' t.lj(' locill 

H environment in amorphous NiZr melt quenched ribbons Similar to l\ai, t.lwy oh-

tained the coordination number changing with deuterium concentratioll. FOI low /1 

loadings, they found that H occupies an interstitial hole surrounded by ·1 ZI rlLOlll" 

The coordinatillg number of Zr changes from 4 to 3, while the coorrlinating llllrnlwl 01 

Ni changes from 0 to 1 when the concentration of H was raised They concillded t11at. 

at low concentrations, H occupies the interstitial hole surrounded by 4 Z, cl!.Olll'>, dlltl 

at higher concentrations, sites surrounded by 3 Zr and 1 Ni atoms hegin to Iw filled. 

Similar findings were given by Samwer and Johnson [1.5] from a X-Ra y '>Ull.t.Cllllg 

experiments on Pd-Zr and Rh-Zr melt-quenched ribbons 

Mossbauer spectroscopy measurement have also yield information even though t.hev 
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do Ilot dilectly reflect hydrogen characteristics but are only sensitive to changes III 

thl' host atom envilOIlment. As S.M. Fries et al.[16] illustrate, sensitivity to the FI' 

ncarest neighbors in the metallic glass system Fe-Zr can be llsed to infer tll(' hydl'ogell 

occupation characteristics of that material [16]. They found that at lo\\' I-I content. 

the Fe environment is relatively undisturbed beyond effects due to lattice expansion: 

at. highel H levels, Fe is more directly affected when HIZr exceeds 2. 

2.2 Solubility 

There are several ways to charge a metal with hydrogen. Here we focus on the two 

common methods, namely electrochemically and from the gas phase. 

In charging from the gas phase, the amorphous metal is exposed to hydrogen ga!:l 

at a fixed temperature. After H2 dissoclates at the surface, H atoms may diffuse into 

the bulk alloy. This process proceeds until the chemical potential of hydrogen ln the 

metal flH is equal to that in the gas phase J.LG. After equilibrium is attained, IlH can 

be calculated by measuring the final equilibrium gas pressure P, assuming ideal gas 

hehavior, using simple thermodynamics 

J.LH = J.LG = RTlnP - TSo (2.1 ) 

where T is the temperature, So the standard entropy of H2 gas, and here the chemical 

potential is expressed per mole of H2 in both the gas and the metal. The al1l0llnt 

of hydrogen ahsorbed by the s<..mple can be determined by measuring welght change~ 

wi th a fine quartz spring or by volumetrie techniques. The p-c isotherm is decl ureel 
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by performing this measurement over a range of {·xtel'1l,\.1 pn'SS\llt'S at h'\t·d r ,\Ill! 

reldtmg each particular value of prc5sure (or chcmical potf'lltial) ta the t~)t(d ,\1110111\\ 

of hydrogen absorbed under that pressure. 

Gas phase absorption isotherms have been measured for .YI - ZI'[1 Î, ~I. :!O]. ('/1-

Tt[24, 22],r:'u - Zr[23],and Fe - Tz [24]. Up to no\\', no plateau has bf'cn rOllnd ill tIlt' 

p-c isotherms. 

The first work for amorphous Ni-Zr was done by Spit et al. [21] for N'fll/'/'lh ('l'hl'\' 

also mvestigated amorphous NZ62Tz29Zr9.) Slevert's law, which relates tl1<' (,OIlU'lItla-

tion of hydrogen to the square root of the hydrogen pressure(usually \'alid wllcII " 

concentration is smaU and occupy one type of site with a single binding t'IIf'Igy), W,I~ 

not obeyed. No plateau was observed for the p-c isotherm of amorphou5 'idlllpl(>~. ('VCII 

through a plateau was observed for al! corresponding crystalline alloyc;. 1'11f' Illa,-: 1 III 1 Il 1 1 

absorption is typically one third smaller than in the crystallll1e countcl pdl t. lllldf'1' t II<' 

same conditions of temperature and pressure. The ribbons lemained all101 phOll~ lIpOIl 

absorption and desorf.Jtion, as shown by X-ray diffraction. Upon hydrogen dbsorptloll 

the amorphous ribbons typically increased wlth about :3.5% in length and wldth. The 

ribbons became brittle but did not break up, in contrast to crystalline alloys 

In 1986, Batalla et al. [1 ï] carefully measured p-c isotherms (see fig.2.:J) of <1 wid(' 

variety of amorphous NiZr alloys by gas charging at a range of tempf'l'atllrf'<; and 

pressures. By combimng the results of the p-c isotherms with a careful 'itlldy of the 

thermodynamics of desorption by scannll1g calorimetry, they got fllrthcl' 'iupport. for 

the picture of a spread in binding energy for hydrogen "itcs. Again, no phase ''>l'pô ration 
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Figure 2.3: Pressure-composition isotherms for amorpholls 

Ni-Zr alloys at various temperatures.(from ref.[17]) 

\Vas found by X-ray powder diffraction. They complemented the measurell1cnts \\ ith 

d Lalculation of hydrogen site-binding energles using the embedded atom model[ 1 cS]. 

dnd site-statistics of Ni-Zr using a computer-generated amorphous cluster. Hydrogen 

site statlstics were determined by generating a dense random paeked cluster of 1000 

hard spheres using the Bennett[19] algorithm with a fraction x of spheres labeled as Zr. 

Lennard-Jones potentials were imposed and adjusted until the partial struct ure facto! '"; 

agreed with experimental values. Then they used the effective medium apploxlmatlOIl 

developed by Norskov and Lang[33] to calculate the hydrogen binding energies for the 

specifie configurations of distorted tetrahedral sites found in the computer generatecl 

ciuster. 

Tetrahedral sites in the cluster were filled with hydrogen sequentially according 10 
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the calculated binding energ!es Eb for each site and \\·]th all lJnpo-;(·d II-II \'\( Itl"]()!l 

di~tance(blocking I11teraction) which was acljllstecl 50 that tht' final 1l/~1 ",dllt' d).!,1 t'(·tI 

\\'ith the experimentally measured H absorption. They concluded 1 hat 1 - /./ "11 ( ..... 

were completely filled and, lNl - :3Zr and 2Nz - 2Z,. sites \Vere p;utidlly fillc'd cil 

standard temperature and plessure. This conclusion is consistent with IIH' re'sldr... 01 

Suzuki et al.. 

The first work on Ti-Cu glass alloys \Vas by A.J. ~\'laeland et al. In contras!. to 0:1· 

Zr metallic glasses. amorpholls Ti-Cu had larger hydrogen absorption capc\C1lit'" and 

hydrogen diffusivity than the crystalline counterparts[lO]. There ]s also ~omc evidf']H (' 

of hydrogen-induced phase separation III this alloy. 

As stated in the mtroductlOn, the electrochemical method is convenient fol' IlU'él-

suring the chemical potential and diffusion of hydrogen in metals. Much wOl'k (''\i"l~ 

fol' crystalline metals by this method. For amorphous metals, however, tll<' appli( at iOIl 

of the method is still rare. 

Kirchheim et al.[8] carried out the first electrochemical measuremcnt 01 hyclJ O.f!,('11 

in amorphous metals. They investigated the chemical potentJal versus hydrogclI '_011' 

tent in amorphous Pd77SCU6SZ165 and NZ499Pd318P183. By assuming cl di-;t1iblll.loll 

in binding energy of hydrogen, the!r results indicated that the distributioll 1<; ft SIII

gle Gaussian distribution. By determining occupation probabilities llsing Fl'I'mi Dit rte 

function (approximated as a step function), these workers del'ived the followinl!, (·Xpt( .. .,

sion relating H concentration Cf{ to Go and (J, 

2CH = 1 ± erf[(Go - JlFl)/a] 
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\\j,lI (+) fol' (;0 < Il/{ and (-) fol' Go> ItH. By comparing this expres~i()n tn their 

('1('( trochemical free energy measurements of PH vs. CH, Kirchheim et al. obtaillcd 

a vcry good fit to Spit's data for NZ64Zr36 with the values Go = 2AA'J/nwl - If 

and tJ = 17 .5K.Jjmol- H, and for N/ 62Tz 29 Zrg good agreement was found for Go = 

17 .. 5/{.J / mol- H and tJ = 15 .. 5I( J /mol- H. They interpreted this broad distribution as 

dlle to hydrogen in a distInct local chemical envlronment but with topological disordel 

l'e~ldtIng from the amolphous structure. In keeping with this interpretation. the) 

l'('lateo the wldth of the distribution a to the width .6 anù location 1'0 of t IH' nr'3t I>t'ak 

in the RD F fOI the pure amorphous alloy( which reflects the distribution of dista l1Cé't> 

between first nearest neighbors), the alloy's Young's modulus Ey, and the partial molal' 

volume of hydrogen VH through the expression 

(] .. 3) 

Their later results on amorphous Nl3STz 6S [26] indicated a rapid increase in the slope 

of the open circuit potential versus hydrogen loading neal' HjM=0.25, which they 111-

tc'rpreted as a shift from the filling of hydrogen states surrounded by 4 TI atom~ to 

the nlling of higher cnergy sItes associated with 3 Ti atoms and l Ni atom. The\' 

cd"o studied amorphous Pd-Si system[29]. There is evidence that at lugher hydrogen 

concentration(H/ Pd > 0.2), nearest-neighbor repulsive H-H interactions become im

portant. No plateau was observed in the p-c isotherms. In 1984, they [31] investigated 

hydlOgen in liquid-quenched and vapor-quenched amorphous PdgoSi20 ( the chcmical 

potential. diffusion coefficient and partial molar volume). There were sorne differences 
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between samples which were prepa.red by melt-spun and by sputtering, which were ex

pla.ined by assuming an energy distributions of greater width in the sputtered sample. 

Harris et al.[32] reported electrochemical measuremeHts of the EMF versus HlM 

in amorphous Ni - Zr and Pd - Ti over a wide range of composition. They charged 

the sample with hydrogen until H2 gas was evolved at the surface. By open circuit 

measurement they can get the upper limit of measurable chemical potential iLH in 

this method (P~Q.iI: = 1 atm). Then a. anodic current pulse was applied to extract a 

small, known quantity of hydrogen, followed by a open circuit reading to obtain iLH 

at new HlM value. This procedure was repeated until the hydrogen concentration 

was so 10'" that the time required for the samp!e to reach equilibrium( controlled by 

the diffusion of hydrogen) became impractically long. Thus, they measured only the 

hydrogen that cycled in or out of the sample within a window of chemical potential. 

Then they normalized the change of hydrogen concentration by the total reversible 

hydrogen. They found a universal feature that when scaled with the total reversible 

hydrogen, ILB(HIM) has the same behavior. They then proposed a global model for 

H storage. and concluded that within their window of chemical potential, hydrogen 

is stored in tetrahedral site conta.ining of 2Ni atoms and 2Zr atoms in Ni-Zr and in 

tetrahedra consisting of 1 Pd atom and 3 Ti atoms in PdTi. This conclusion for NiZr 

however is not consistent with either the results of Suzuki et al. or of Batalla et al .. 



2 . .1. DIFFUSIVITY 

2.3 Diffusivity 

li 

A very wide variety of experimental-technique have been used to measure hydrogen 

diffusion in crystalline metal hydrides. Since about 1980, sorne of these methocl., hav(' 

been applied to the study of diffusion in amorphous alloys and hydride pha~e<;[:1.51. 

Rcsults were obtained from the kinetic rates for hydrogen absorption/ desol'ption, ele<.

trochemical methods; from mechanical relaxation phenomena that are associated \Vith 

short range reorientations of point defects or long range dilata.tional stresses ; from 

nuc\ear magnetic resonance (NMR); and from quasi elastic neutron scattering. De

scriptions of ail these procedures are beyond the scope of this introduction and just 

the results and discussions are reviewed. 

In two respects, the diffusion behavior of hydrogen in amorphous metals is diffel'ent 

from that in their crystalline counterparts: 

(1) In crystalline hydrides, the mobility of hydrogen decreases with increasing hy

drogen concentrations (larger than dilute limit), because with a single activation energy, 

the possibility that a hydrogen atom can jump to its nearest neighbor decreases with 

the increasing hydrogen concentration (because of blocking factor). In amorphous hy

drides, however, the hydrogen diffusion coefficient often increases very rapidly with 

hydrogen content. In amorphous Pd-Si for example, the diffusion constant of hyclrogen 

increases, even when the hydrogen concentration H/M changes from 10-5 to 10-3 [28], 

in contrast to the case of Pd where the diffusion coefficient is constant in the same 

hydrogen concentration region (dilute). 
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• ..Jo. (2) In crystalline metals the measured diffusion coefficients D(T) often follo\\'s t 1\1' 

f 
t 

~, 
[ 
~ 
t, 
~ 

Arrhenius relation: 

D(T) = Doexp(ED/kT) (2.1 ) 

~, 
\ 
~ 

Where Do the diffusion coefficient at OK, and Ea the activation enel'gy for t.lw hydl'og,f'1l 
!~ 

~ 
~ 
~~ 

diffusion process. However, in amorphous alloys, \rrhenius behavior is Ilot g(,I)(,l'étll~ 

~ 
~ 

~ 
observed. 

l . 
~ Non-Arrhenius temperature dependences of the NMR relaxation times \Vert:' first 
~ r, 

reported for amorphous TzCuH1.3, Zr6sPd35Hx and Zr2PdH2 g[35](see Fig.2. l). Two 

or more Ea values were needed to fit the data over the entil'c temperclt1ll'1' r('~inll"" 

By comparison with the results for corresponding crystallme hydrides, il. \Vas "lIgl!.l)~t 

that hydrogen diffusion in the above amorphous hydrides probably consl~ted of él few 

discrete types of jump process each with a characteristic activation enel'gy[:j6]. 

A fundamentally different approach to represent the non-Arrhenius behavior in Il)(' 

internaI friction curves and NMR relaxation times is by a distribution of diffllSIOII acti-

vation energies around a mean (or peak) value Ep as proposed by Kil'chlH'im et cll.[8]. 

The basic prernise of this model is that the local environments for the 10 teu-.titlal hydro-

gen atoms vary in a q1.lasi-continuous mannel' because of disorder in the glassy lIlel al 

These variations will influence hydrogen diffusion through differences in the illter,>li-

tial binding energies and the over the barrier energy for c1assical hopping pl O( ess(',> 

This model reproduced the concentration and temperature dependences 01 bot.h hy-

drogen solubility and diffusion properties as measured in several glassy mdals \Vllell 

H / M < 0.1 [8]. Numerical simulations by sever al research groups have shown the plétll-
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Figure 2.4: Temperature dependent behavior of the Tc-
1 parameters that 

were obtained by BPP-model analysis of the proton 1io data for the tlu'ee 

amorphous hydrides. The systematic deviations from Arrhenius straight 

lines are qui te apparent(from reference[35]) 

( 
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sibility of energy dependent distributions of hydrogen sit.e accl\pancie~ nt tlH' hight'I 

hydrogen concentrations as shown before[:38, l Î, .Ji, ~O, 32]. The implicat.ions of "lIch 

distributions to diffusion behavior would be non-Arrhenius temperatlll'c dt'pt'nd(,I1(,('~ d' 

the energy distribution was sufficiently broad. In fact, the resonant frequencv and tem

perature dependences of the proton relaxation times obtained t'rom several amorpholls 

hydrides have been analyzed with empirical distri bution functions for Eu [~1] ('011,><..'

quently, although an Ea distribution does give much better fits than any sll1g1e-valuc 

Arrheroius relation, aIl the proton relaxation times still cannat be simultaneously fiUt'd 

ta within the precision of the experimental data['l1]. On the other hand, the' simple a~

sumption of discrete temperature dependent Ea values also appeals inadequatc in light 

of the more recent results obtained with the distribution function models( llldinly t.he 

concentration dependence). Lee and Stevenson[42] reported that an activation ('llel'gy 

decrease also accompanied the increases III diffusion rates for amorphous Pdl_yS/,," J 

and TZ52CU4SHx' In the few studies that compared hydrogen diffusion propcrtics fol' 

crystalline and amorphous alloys greater mobility and smaller average En value.., \Vert' 

found for the glassy samples as long as HI M > 0.01. However, additional comparisons 

should be made before this behavior is regarded as a general trend. Clearly more work 

is needed to resolve this dilemma. 
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2.4 Summary 

Varions experiments have shown that there are significant difference between hydrogell 

in an amorphous and a crystalline metal. In an amorphous material a broad continuolls 

distribution of interstitial site energies is expected whereas in a crystalline l11aterial a 

discrete spectrum of interstices is present which in most cases are well separatccl in 

their site energles. Hydrogen prefers to occupy early transition metal(ET~l) sites or 

ETM rich sites. 

In contrast to the extensive determinations of the p-c-t relationships for crystalline 

hydrides, the hydrogen absorption-desorption isotherms for only a limltecl llumbel' of 

metallic glasses have been reported. These alloys include: Nz - Zr, Pd - SI, Tl - F'e. 

Ti-Cu, Tz-Ni, and Hf-Nz. In several instances, the p-c-t isotherms from crystalline 

and amorphous alloys with equivalent compositions were directly compared. The l11din 

feature of the p-c isotherms are as follows. First, the maximum hydrogen stoichiometry 

is often smaller for the glass y alloy than for the crystalline alloy which suggest that 

the disorder usually place additional restrictions on favorable site occupal1cies. Fol' 

example, neutron scattering experiments on amorphous NZ50ZrsoHx indicated that 

only 4-atom coordination sites(i.e., Zr .. and Zr3Ni) are occupied while the crystalline 

hydrides NzZrHx phases will contain hydrogen atoms in Zr .. , Zr3Ni, and Zl'3N 12 sites 

to give a larger total stoichiometry. Second, the slope dP / d( H / M) is very large over 

the range of accessible press ures. In addition, at fixed pressure the H concentration 

increases with increasing ETM content. Finally, at fixed pressure and ETM content. 
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the H concentr,';" JOn decreases rapidly \Vith Il1creasing temperatme. Up 10 IJt)\\'. 110 

plateau corresponding to a phase tram.itlon ha., bccn found 111 the p-c isothl'I'm nI' <Ill) 

amorphous alloy even though they are c1early present for the cOlTesponding n)'stallinl' 

system. Theoretical work by Griessen [37] and by Richards [:30] has showll that toril 

site energy distribution of width 6. 2:: 4kTc (0), the cntieat temperature 'l~ is gl'catly 

redueed from its value of Tc(O) at 6. = 0 so that no phase tran!>ltlOll muid app('étl ciL 

general conditions. 

Diffusion data of hydrogen 111 amorphous alloys is rare. However, we can ~till 

get sorne general idea. lJiffusion experiments show that the Arrhenius r{'latioll is Ilot 

generally valid[36]. The concentration dependence of diffusion coefficient of hydl'Ogc'II 

ln amorphous alloys is always strong and positive which is in contrast to 1 he Iwha\'iol 

of hydrogen in crystalline alloys. ln sorne cases hydrogen diffusion in amol'pholls alloy.., 

is faster than it in crystalline a11oys, in most cases it is slower 

A Gaussian distribution of site energies(or several distributions), can he t1sed 1.0 

model the concentration dependence of the chemical poten tial of hydrogC'1l and il ~ 

diffusivity in amorphous metals. More careful work IS needed for the complet.t> 111\(kl'-

standing of hydrogen action in amorphous alloys, especially for hydrog~n diffusion, alld 

solubility which we will discussed in this thesis. 



Chapter 3 

Experimental methods 

3.1 Electrochemical principles 

When two electrodes are immersed in an electrolyte, a potential difference will arise 

between them. This potential difference depends on the reaction itself and the concen-

tmtion of reactants and products in the solution. 

3.1.1 Standard Hydrogen Electrode (SHE) 

Since we can only measure a potential difference, the potential of a given electrode will 

have an arbitrary zero. One electrode reaction , which occurs when hydrogen gas at 

1 atm is bubbled over the surface of a platinum sheet immersed in a lM HCI solution 

(called standard hydrogen electrode (SHE)), is commonly chosen as zero. The reaction 

for the SHE is 

(. (3.1 ) 

23 
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..... The potential of other electrode reactions are then measured relative to this SIlE (at 

the same temperature). Since the SHE needs bubbling of hydrogen 011 the elcdl'Odc 

surface, it is not ea::;y to use. 

3.1.2 Calomel Electrode 

To determine the concentration dependence of the potential for a reaction, wc bC'gill 

with the reaction of a calomel electrode which we used as a reference. 

The molar Gibbs free energy or chemical potential of ions p., in a dilute solution i:, 

related to its molar concentration [M] by[44] 

l' - p.o = RT In[M] 

Where #0 is arbitrary, usually chosen as zero when [M] = 1. More precisely, [M] should 

be replaced by the activity of the ion in the solution. However since we are consideri llg 

only dilute solutions where the interaction between the ions can be neglected, lIsing [M] 

is a good approximation. Because 1 mole H g2C/2 has to produce 2 moles of C/- and 2 

moles of Hg, a virtual change at the constant temperature and molar concentration (01' 

pressure in gas case) will cause a virtual change in Gibbs free energy 8G as 

Using eq.(3.3), we have 

(:3..5) 
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( 
\VIH're 8nHg2CI2~J1o is a constant term of energy change, which depends on the mate-

rials in\'olved in the reaction and the reaction itself. Because Hg2Cl2 and Hg are not 

soluble, their concentration in the solution is very smalt, 50 these t':.o terms will con-

tribute a constant value 2RT to the free energy change which can be included in 600 • 

So the concentration dependence for the free energy change of the calomel electl'ode 

will be 

(3.6) 

Except for temperature, the free energy change will depend only on the molar concen-

tration of C/-, which can be controlled by controlling the concentration of potassium 

chloride in the solution. 

exchange, the energy change in such virtual change is (according to Faraday's law) 

(3.7) 

Where F is Faraday's constant and E is the electric potential of this calomel electrode. 

Eq.(3.4) should be identical to eq.(3.7). Therefore, the electric potential of the calomel 

electrode will be 

(3.8) 

This equation is called the Nernst equation. At room temperature, and in saturated 

potassium chloride solution, the electrode potential of reaction (3.2) is +267 mv relative 

to SHE. 
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1 3.1.3 The Reaction of Hydrogen with Metal 

The hydrogen atom usually can occupy an interstitial site of the host metéll bl'ci1l1~l' 

it is very smaU relative to metal atoms. Therefore, the metal-hydlOgcn ~yst('111 CciII 1)1' 

thought of as a solid solution. The reaction for hydrogen loading of a met al i.,. 1 hell; 

M + H2 .",. I~I + 2H (:U» 

The chemical potential of hydrogen in the gas phase, is related to its pressurf' /)//2 IJy 

Il = 110 + RT InpH2 (.J 1 ()) 

(assuming hydrogen is an ideal gas) The virtual free energy change of this I<,actloll 

may be shown in a similar way to eq.(3.6) to be; 

(:LlI) 

The usage of [H] in eg.(3.11) has included the following assumption: 

1. Every hydrogen atom inside the metal has the same binding energy (01' in otller 

words, they are identical) so that eq.(3.3) can be used. 

2. The interactions between hydrogen atoms have been ignoled, otherwlsC' wC' ild\'(' 

to use activity instead of [H]. This approximation valids at small hydrogen concf'llll'ét-

tions. When hydrogen concentration is high, eq.(3.3) wIll not. valid. 

Since the molar density of the metal is constant at a given temperat.urc, [H] Célll 

be replaced by the atomic ratio of hydrogen and metal, Cil, with a const.ant addcd tu 

6.110 because of this change unit. The term in ln is called the 1'eactzon C01l~l(l7/l for the 
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-( 
reaction. It is a constant at a given temperature.(We can easily understand this by ex· 

amining the condition for equilibrium. Under constant temperature and pressure, the 

, 
Gibbs free energy must he a minimum. So from eq.(3.11) we find Allo = -RTln i. 

PH, 

Since Allo depends only on T , this implies that the reaction constant depends only on 

temperature.) Therefore the concentration of hydrogen in the metal should he pre'por-

tional to the square root of the hydrogen pressure outside the metal( CH = (K PH, ) l , K-

the reaction constant). This is called Sievert's law[45], and is the first direct evidence 

that hydrogen exists in the met al in its atomic forme 

From above calculations, it can he noted that Sievert'5 law can only be applied 

for crystalline materials which have a single binding energy for hydrogen, and when 

the concentration of hydrogen in the metal is small, so that the interaction between 

hydrogen atoms can be ignored and the activity of hydrogen in the Metal can he 

replaced by its concentration in eq.(3.3). In amorphous metals, there is usually no 

single binding energy for hydrogen &8 we mentioned in Chapter 2, and Sievert 's law 

is not expected to hold. If the hydrogen concentration is high, the approximation of 

using molar concentrations in eg.(3.3) is not valid, and we have to use activity instead 

of concentration. There are theories (Dehye~Huckel theory) [40] to calculate the activity 

coefficient J, which is the ratio of activity to concentration, by including the interaction 

hetween hydrogen atoms (hydrogen atom in the Metal May be partially ionized, see the 

introduction in ref.[5]). It can also be measured byexperiment. When calculating the 

interactions between hydrogen atoms, t.he effects of Metal must he considered and the 

.f .. calculation May become very complicated. The activity of hydrogen atoms is usually 
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not linearly proportional to its concentration at high hydrogen concentrations. Sieverts' 

law will no longer be obeyed. Bat-lia et al. [17] gave a calculation of hydrogen binding 

energy for amorphous Ni - Zr. 

We now turn to the electrochemicalloading of a metal by hydrogen, assuming again 

that the metal-hydrogen system can he treated as solid solution. The ovenU reaction 

for H+ rich electrolyte can he written as 

(3.12) 

Because the electrolyte is H+ rich, the concentration of H+ is essentially constant. 

FoUowing similar calculations as we did before, we can easily show 

RT 
E= Eo--lncH 

F 

For OH- rich electrolyte, the overall reaction is different and is written a.s 

(3.13) 

(3.14) 

However, since the chemical potential of H20 does not change, the concentration of 

OH- is constant, and the electric potential has the 'lame form as eq.(3.13). 

The above is only the equilihrium case; the real system is not always in equilibrium. 

It is convenient to define a second quantity Q such that 

Q = CH la (3.15) 

Here, the subscript a indicates that the concentrations are instantaneous concentrations 

and not equilibrium concentrations. The quantity Q, therefore , is not a constant, but 
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changes continuously until equilibrium is reachedj at that point, Q becomes equal to 

CH and the subscripts are delded. From thermodynamics, it can be shown that the 

change in chemical potential âl' due to this nonequilibrium process is given by 

111' = RTln Q - RTlncH (3.16) 

Then we have 

RT RT 
âE= --lnQ+-lncH F F 

(3.17) 

The lut term is caIled the $tandard potential. 

Sin ce the reaction happens at the interface between electrolyte and metal electrode, 

the rate at which the system reaches equilibrium will depend on the diffusion rate of 

hydrogen in the met al bulk. The simplest model that describes this diffusion is that of 

linear diffusion in a plane electrode. It is usumed that the electrode is perfectly fiat and 

of infinite dimensions, so that concentration variations can only occur perpendicular 

to the electrode surface. Diffusion may then be charaderized by Fick's laws in a one 

dimensional form as: 

(3.18) 

Where C is concentration of hydrogen , D the diffusion coefficient. 

With different initial and boundary conditions, various solutions of the above equa-

tion are known. The double cell technique is a convenient method to set and control 

the boundary conditions. 
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Double Cell Technique 

This technique uses two identlcal cells each equipped with a reference electrode. cl 

counter electrode, and a common working electrode (details of the design will \)(' <1(,

scribecl in Section 3.3; the experiment set-up). Since the potelltial of tlw ret'C'rpllCl' 

electrocle is a constant, we can control the potential of the working electl'ode t hl'ollglt 

external circuit by referring to the reference electrode. Two methods are ohen lIsee!' 

potentiostatic ancl galvanostatic method. 

Potentiostatic method 

Initially, both sicles of the working electrocle (the sample) are controlled b)' a potent.in \ 

(between reference and working electrode) which makes the surfaces fl'ee of hydrogerr 

(the current is very smaU). After the system l'eaches equilibrium, the potent.ial ot 

the entry side of the working electrode is switched to a new value whlch chal'gC's t.he 

wol'king electrode with hyclrogen. The CUITent in the charge cell will incl'pasc abl upLly. 

while in the discharge ceU, at'ter a short clelay, the current will increase slowly. If we 

assume that any variation of surface coverage with hyclrogen results in an instantéllleOll"> 

changes of hydrogen concentration just below the surface of the rnetal, and that t1WI(' 

is no current bet ween the reference electrode and the workmg electrodc to cause ail 

overvoltage, then the hydrogen concentration, although not in equilibriulTl, will be a 

constant if the potential at this sicle is constant The boundary condition of abov(' 

process will be 

• Initial conditions: c(O, t) = Co, constant, x = 0, t > 0 
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3.1.4 Double Cell Technique 

This technique uses two identlcal cells each equipped with a reference electl'Ode, a 

COllnter clectrode, and a common working el~drode (details of the design will be de

scribed in Section 3.3; the experiment set-up) Since the potential of the reference 

electrode is a constant, we can control the potential of the working electl'ode thl'Ough 

external circuit by referring to the reference electrode. Two methods are of tell usee!: 

potentiostatic and galvanostatic method. 

Potentiostatic method 

Initially, both sides of the working electrode (the sample) are controlled bya potential 

(between reference and working electrode) which makes the surfaces free of hydl'Ogen 

(the current is very small). After the system reaches equilibrium, the potential of 

the entry side of the working electrode is switched to a new value which charges the 

working electrode with hydrogen. The CUl'l'ent in the charge cell will increase abl uptly, 

while in the discharge cell, after a short delay, the Clurent will increase slowly. If we 

assume that any variation of surface coverage with hydrogen results in an instantaneous 

changes of hydrogen concentration just below the surface of the metal, and that there 

is no current between the reference electrode and the working electrode to cause an 

overvoltage, then the hydrogen concentration, although not in equilibrium, will be a 

constant if the potential at this side is constant. The boundary condition of above 

process will be 

• Initial conditions: c(O, t) = Co, constant, x = 0, t > 0 
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• Boundary conditions: 

Entry face: c(x,O) = 0, 0< x < l, 

Exit face c(l, t) = 0, x = l, t > 0 

Where 1 is the thickness of the electrode. 

The solution can be written as[5]: 

(:3.19 ) 

and taking: 

J _ DCa 
00 - 1 (:LW) 

We have: 

where f;;is the fractional attainment of steady state of the flux through the tbin lTlt'tal 

foil. If the diffusion rate does not depend on hydrogen concentrations, we cali 1 ('a~oll' 

ably assume, for the above boundary conditions, that the steady state cOl1c('ntl'aLioJl 

profile is linear. We can then estimate the average hydrogen concentra.tlon frolll .J (. 

Fitting to the time dependence of the transient at eXIt side, diffusion coefficif'llt lclll IH' 

obtained. (In fact the discharge side need not be free of hyclrogen. It mav be hdc! at 

a constant potential 80 that the concentration is a constant value c'. The differcllce ill 

concentration between the two sicles still satisfies the first boundary conditioll.) 
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( 
Galvanostatic method 

lnitially, both sides of the working electrode is also controlled to be free of hydrogen. 

Then a constant current is applied to the charge side. After a white, the current al 

exit side wiJl rise. The boundary condition now is: 

• Initial conditions: D(;~)x=o = j, constant, t > 0 

• Boundary conditions: 

Entry face: c(x,O) = 0,0 < x < 1 

Exit face: c(l, t) = 0, x = l, t > 0 

and the solution is[5J: 

( 3.22) 

Where Joo has the same meaning as eq.(3.20). The hydrogen concentration can be 

determined from Joo , and diffusion constant can be obtained by fi tting the transient at 

exit side. 

These two methods have a common defect: the system is not in equilibrium during 

the measurement, and so cannot be used to determine the chemical potential of the 

reaction. Aiso there is a large gradient of hydrogen concentration through the sample, 

so one cannot measure the diffusion coefficient in materials where the diffusion constant 

changes rapidly with hydrogen concentration. However, it is possible to measure both 

the chemical potential and diffusion coefficient more exactly using an alternate method, 

the current pulse technique. 
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Current pulse technique 

A single current pulse of height iD and duration to is sent through the charge sicle of 

the ceU (initially both cells are kept. open circuit and stable). After switching off tilt' 

current(open circuit at both sides) the following boundary conditions are fulfillt'd 

• Boundary conditions: 

oC _ 0 
ox -

for x = 0 and x = s (at t~O). 

• Initial conditions: C( x, 0) = Co + 9 ( x ) 

(3.23) 

Where g( x) is the non-uniform part of hydrogen distribution in sicle the metal 

just after the current pulse. 

With a homogeneous concentration distribution in the beginning,c(x,O) = Co, éllld 

a sufficiently short pulse-duration, Züchner [49] has obtained the following solllt Ion of 

eq.(3.18 ): 

where C3 is the hydrogen concentration at the detection side, Co the initial concentration, 

Coo the final concentration after equalization, and ~c = C'X) - Co. T contains the diffll'iIOIl 

coefficient, D, and the thickness of the sample, 1 as follows: 

('3 ')~) .. _.) 
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The hydrogen concentrations Co and ~c are related to the charge of the cU\'rent pulse" 

D.Q by: 

(3.26) 

where VM is the molar volume of the working electrode, VM the volume of the electrode 

and Qo the amount of hydrogen that is already in the sample. 

Then we have (see eq.(3.16)) 

E(r) 
RT 

- E(r=O)-F1n(1+ 

~~ (1 + 2~( _l)N exp( _N2r))) (3.2i) 

Where E( r = 0) - Eo is the equilibrium electrode potential after precharging the 

sam pie, namely: 

Eo = E~ - RT ZnQo 
F 

(3.28) 

E~ is the che mi cal potential of sample when no hydrogen exist in sample. When t - 00, 

E reaches a new equilibrium potential. 50 by measuring the chemical potential of the 

sample at the exit side, we can determine both the diffusion coefficient (by fitting to 

the transient) and the equilibrium potential at various hydrogen concentrations. 

In fact, what we have considered is too simplified. We have not considered the 

effects of the electrolyte, and have assumed that aIl hydrogen atoms created in the 

reaction enter the metal electrode instantaneously and then only diffuse into the metal 

(i.e. do not come out again). These assumptions must be analyzed more carefully. 

MicroscopicaIly the build-up of the potential difference between the electrode and 

electrolyte needs a thin double-layer of charge at the electrode surface. The movement 



, 
~. 

r 
f 3.1. ELECTROCHEMICAL PRINCIP LES 35 

of electrolyte fiuid will cause the ions in the electrolyte to move, and this will affect the 

double layer and hence the potential difference. During a. reaction, reactant ions trying 

to reach the electrode surface may experience mechanical forces, caused by an external 

potential (which gives a potential gradient in the electrolyte) or by a concentration 

gradient. To get rid of thf! complexity, we must choose the experimental conditions 

properly. Suppose the solution is not stirred. We then do not need to consider the 

effect of mechanical force. Suppose further that reactant ions in the solution move 

much f~ter than other kinds of ion, and are also very rich in the solution. We then 

do not need to consider the movement of the ions caused by the potential gradient ( 

because enough reactant ions always exist near the electrode surface, and do not need 

a large electric force to push them to the electrode j hence no potential gradient is 

needed.) Under these two conditions, diffusion is the only form of ionic motion in the 

electrolyte. Because the hydrogen ion moves much faster than any other kinds of ion, 

we can easily satisfy these two conditions by using unstirred acid electrolyte. 

Basically, the diffusion rate determines the electrochemical reaction rate , because 

the faster the diffusion rate of a species ,the larger its collisio11 probability. This prop-

erty is very important in the selection of electrolyte. In addition to the reaction (3.12), 

there is also the possibility of hydrogen recombining with oxygen dissolved in the elec-

trolyte. By chosing a high viscosity electrolyte( and so a low diffusion rate), this re-

combination reaction can be minimized. As wu suggested by Kirchheim[8J, a mixture 

of glycerin-phosphoric acid was chosen in this study. This choite also reduces the possi-

bility of hydrogen molecules which may be formed (by a side reactionj 11+ ~ H -+ H 2) 
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at the electrode surface diffusing back into the electrolyte (Stokes-Einstein relation). 

The choosing of high a viscosity electrolyte should not influence the neutralizing of H+ 

into H, because the process is under an external electric force. 

The assumption that hydrogen diffuse. only into the metal is a bit harder to justify, 

though it has proved to be a good approximation. We may understand tbis as follows: 

As H+ is adsorbed on the metal surface, it picks up an electron which it shares with 

the bulk metal . It will then be hard for hydrogen to escape from the metal surface, 

but easy to diffu.e into metal because it i. already in a sense part of the metal. 

Surface contamination 

When the solvent mole cules are bipolar, they may be oriented on the eledrode surface. 

This will caused an extra nonreaction potential. The magnitude of such a potential will 

depend on the surface conditions, e.g. the material of the electrode, and the roughness 

of the electrode surface. This surface potential will influence the reaction. We have 

to eliminate it. As mentioned in introduction, by cleaning the electrode surface, the 

effect can be minimized, though it is impossible to overcome it completely. Some 

further discussion will be given in Chapter 4. 

3.2 Sample preparation 

To get a homogeneous and large enough sample, a sputtering technique was used. 

By depositing materials on clean substrates, possible pin holes, that would make the 
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diffusion measurement invalid, were eliminated. In addition. we can aiso lISt' t hi:-. 

technique to deposit a Pd layer on the sample surface. 

The reason we need a thin layer of Pd is because of the oxidation of N i- Zr l<'ads t \l 

the formation of a Zi02 surface layer. 

According to D. Khatamian and F.D. Manchestel'(48], hydl'Ogen diffuses \'('r~' ,,10\\,1\, 

in Zi02 (at l'Oom tempel'atul'e the diffusion constant is about 10-3°1/12 f.~). 'l'Ill" IS -;0 

much slower than the Nz - Zr bulk which we are going to study that f'\ t'n a t hill 

layer of oxide will dominate the diffusion process, so making it impossible to d(>du('(' 

the diffusion rate in the bulk. It takes the same time for hydl'Ogen to diffuse throllgh 

a lÀ thick layer of Zr02 as through a lem layer thick of Ni - Zr This mcall~ 

that only for hydrogen diffusion in lm thick sample of Nz - Zr, can the <'flcrl, of 

1 Âthick layer of Zr02 be ignored. Obviously, any study of hydrogen diffusioll III 

bulk Ni - Zr is Impossible in practice (even prepared in high vacuum, tlwlt' is about 

10-50 Âof oxide layer on. the surface) without proper treatment of the oxidp IctY(,l'. B.v 

coating the sample with a thin layer of Pd the sample is pl'Otected against the oxidatloll 

in sample preparation process and also facilitates the adsorptIOn of hydro1!,en 011 t 11<' 

sample surface[4l]. 

Using the sputtering facilities available, it was not possible to coat the "alllple with 

Pd without removing it from the vacuum, Fortunately, Pd is not eac;ily oxidized, so w(' 

can sputter a film of Pd and then deposit Ni -Zr' by sputtering, and so get at least Ol\f' 

side of the sample free of Z1'02' This side is used as the exit side for hydrogen, sill(,(' 

the large current and effectively high hydrogen pressure on the entry ~ide (,i"lsily break~ 
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up the oxide layer on the uncoated side. With Pd coated on the Zr02 free surface of 

Nt - Zr, hydrogen should have no difficulty in going from the bulk NI - Zr to tilt' 

Pd surface and so establish equilibrium with the outside. The Pd layer must be thick 

cllough to inhibit oxidation, but not so thick as to dominate the chemical potential and 

concentration of hydrogen in the sample. 50-100 nm is a good valup for 2.5 I1m thick 

sample of Ni-Zr, because even if the hydrogen concentration (HlM) in :,\lch layer of Pd 

l'caches 1 (this will correspond to very high hydrogen pressure III the p-c isotherms), the 

total hydrogen in the Pd, if distributed in Ni-Zr sample, will only contribllte 2 .. 5 x IO-J 

in HlM (much smaller than the amount by one single charging step). The time it takes 

for hydrogen to diffuse through this thin layer of Pd can also be neglected, relative to 

the time for hydrogen to go through bulk Ni-Zr (It takes about a few mili-seconds for 

H to diffuse through this layer of Pd, but thousands seconds through Ni-Zr). 

The spllttering system (fig.3.l) is a RF triode system wlth anode, filament, and 

gl'ound. The target with diameter of 2 inches and thickness of 5 mm (shown in fig.:3.2) 

was made of Ni(99.5%) plate and Zr(99.2%) rod. The composition of the sample 

was controlled by the relative area of Ni and Zr on the target, using the caliblation 

drtta of the system[47]. By arranging for a symmetric distribution of Zr and Ni, the 

composition of the sample is uI1lform. The target was mounted on a copper housing 

\Vith indium so as to ensure good electrical and thermal contact. The crystalline silicon 

substrate, of dimension 5 x 3cm2 , was cleaned carefully in acetone and then in propanol 

at temperature of about 40°C before being put in the system. It was set 5 cm above the 

1 
·Il target and attached to a \Vatel' cooled support. The system was pumped to a vacuum 
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Figure 3.2: Target 

, 
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uf lü- IO Pa. with an oxygen partial pressure of arder lO-IZ Pa The thickllt'ss of the 

séllllple \Vas measured \Vith quartz dnring the sputtcring proccss. At a plél~\I)a P0,,"t'l 

of :300 W, the depositing rate is about 100nm / s. A tlUll layer of Pd(about GOOA) \\'d~ 

deposited first(target of Pd is 1 inch III diameter), then the vacullm \Vas hl'Okf'll alld 

the target changed sa that Ni - Zr could be dt:'posited on tlllS layer of Fd. Rt'calls(-' 01 

the thickness of our sample(about 25 !lm) and the c1ifference of expansion weffici{'nl 

between Si and Ni-Zr, and also the internai stram in the amol'phous alloys, th<, fillil 

can be gently removed from the substrate after the deposition. 

The amorphous structure of the sample was confirmeo by X-ray powder diffriH 1 ion 

(shown in fig.3.3). At the surface with Pd, we see several sharp peaks that correspolld 

ta the texture of Pd(lll). At the other side, It is the usual amorphous st ru ct. lI\'l'. 

3.3 Measurement setup 

Details of the electrochemical setup can be seen in Fig.3.4. 

(1) The cell is made up of two pieces of transparent plexiglass tubes c1O'icd at 0\1(' 

end, which can be mounted on a triangular channel sa that they are coaxial. 

(2) is a pair of calomel standard elel.-trodes made in the laboratory. J)ptails ale' 

shawn m Fig.3.5. After grinding calomel, mercury, and a little saturated pota"~IIInl 

chloride solution together, the resultant homogeneous slurry was placed ill a layer of 

about 1-2 cm thick on the surface of pure mercury contained III a clean pytex tube 

\Vith a short length of Pt wire through the bot tom to permit electrical contact. The 
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Figure 3.3: X-ray diffraction of the sample; (a) The face that 

have Pd (b) The face that havf:: no Pd 
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séltlllated potassium chloride solution was then added carefully into the tube. A Pt 

wire with thickness of about O.l27rnm through a soft wood cap was dipped thlOugh 

the sandwich of KCI solution, Hg, and mIxture of Hg, KCI, and H92C12' 

Testing of the calomel electrode was done by measuring the potentlal between the 

calomel and standard hydrogen electrode in a lM Hel contained test glass. The result 

of about +270 ± 5 rnV is, within error, the accepted value of 268 mV. ~o VOltdgC 

difference was seen between the two calomel electrodes. implying that the two calomel 

electrodes are identical. 

The salt bridge hetween calomel and cell is a Luggin capillary made up of thin-wall 

glass tube which changes abruptly from wide to capillary(to minimize the capacity 

between working and calomel electrodes) at its end and was made as close to the 

working electrode (sample) as possi ble. 

(3) a Pt counter electrode plate, was used for doping the sample with hydrogen and 

was "et about 8 cm away from the WE. This has the advantage of keeping any oxygen 

wl1Jch may he formed during the reaction pro cess at the Pt away from the \oVE. The 

choice of Pt plate rather then wire ensures a fast reaction. 

(.1) are two specially-designed washers. Upon absorption of hydrogen, the Nt - Zr 

3clmple tends to expand(about a few percent in width and length). At the same time. 

the sample becomes somewhat brittle, and will therefore tend to crack when the content 

of hydl'Ogen reaches a certain value, generally, about 20% in H/M( because the fracture 

st.rain of Ni-Zr decreases abruptly at 20%, see fig.3 6). To eliminate this, the washer 

\Vas designed as shown (see fig.3.7). The curvature of it was calculated according tü 
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Ec 

1 

Figure 3.8: The circuit for potentiostatie method 

d 
f =-

R 
(3.29 ) 

where f is the strain, d is the thiekness of sample, Ris the radius of the eurve(about 

lcm). 

The electrolyte used in the eurrent pulse technique was prepared by mixing t wo 

volume parts of glycerin with one volume part of phosphoric acid (8.5% wt.). This 

('lf'ctrolyte is hygroscopie and has, therefore, to be renewed after several measurements. 

The current source is standard Keithly 215 current source. The voltmeter we used 

is l\eithly 199 multimeter with input resistance not less than 10100. Data was collected 

with IBM XT computer at designed interval through IEEE 488 interface. A stop watch 

was used to record the time or the amount of charge that was doped in the sam pIe 

( with certain current. Before using the current pulse technique, both the potentiosta tic 
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and galvanostatic methods wele used to measure the diffusion coefficient of Il 111 Pd 

and .v l - Zr \Vith electrolyte of l ~l acetic acid. Ele<,tronic circuit 1S showl\ \11 Fig,.:t~. 

The results of these methods will be cliscussed in next Chaptel'. 
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Chapter 4 

Results and discussions 

4.1 Testing of the apparatus 

Pd foi! of purity 99.9% with dimension 25 x 25 x 0.25mm3 (0.2.5 mm is the t.hickness) 

(supplied by Johnson Matthey) was used to test the apparatus. The fat! wa~ t hi,,!.: 

enough to minimize the risk of pin hales, but not so thick as to Cl'eate lal'gf' (>('1'01'8 ill 

the diffusion experiments, as discussed below. 

Before mountmg the foil in the ceIl, the Pd was cleaned ta remove ally surface 

contamination. First, it was baked at a temperature of about 600C fol' halr (l houl 

to drive off any residual hydrogen. It was then abraded in distilled watel \Vith ('IlH'IY 

paper ta remove residue on Its surface. Then the foil was immersed in c1cctonc 101' 

about half a hour to dissolve any residue. Finally, the sample was washed in distilled 

water. 

The Pd was then mounted between two washers with a hale 1 cm in diamel,N. AftPI 

49 
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about two hours the voltage (or current) at both sides of the cell became stable (the 

variation of emf was less than 0.1 mv in fifteen minutes), the first charging process was 

started, data being coUected by computer at typical time intervals of 10 seconds. 

4.1.1 The Current-pulse technique 

Current-pulses of 10mA to 15mA with a duration of a lew seconds (less than 10 seconds) 

are applied at the entry side of the ceU. The amount of charge is determined by 

measuring the time duration of the current. At the end of the pulse, both si des of 

the cell are returned to open circuit. Typically, &fter about one and hall minutes, the 

potential of the exit side beginl to change signalling the arrivai ol hydrogen. When the 

emf at the exit side saturates, another pulse il applied, and the cycle repeated. The 

transient is shown in fig.4.1. Il saturation impliel a uniform concentration of hydrogen, 

then there should be no potential difference between entry side and exit side. However, 

a small dift'erence is seen. Fig.4.2 shows the difl'erence in e.m.!. or potential hetween 

the entry and exit sides at various hydrogen concentrations. It can be seen that the 

difference decreases as the hydrogen concentration increases and tends to sak-ration at 

higher hydrogen concentrations (the saturated value is about 15 mV). This s'lggests 

that there are at least two mechanisms for the potential difference. 

First, there may be a small hydrogen density gradient at the entry side, which may 

cause a small extra non-equilibrium potential when the potential at the exit side he

comes saturated. Such small gradient arises !rom the competition between the normal 

forward diffusion and side-ways diffusion. The former process causes the âE at exit 
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Figure 4.2: The e.m.f. dift'erencel between entry and exit aide 

at various hydrogen concentrations for Pd 

side to increue &1 we law in eq.(3.28); the latter will caule the tlE at both sides to 

decrease because of the lowering of hydrogen concentration. When these two eft'eds 

balance, the tlE at exit side saturates, white, there is still a small concentration gra-

dient at the entry side. (After saturation, the forward diffusion of hydrogen becomes 

slower while the difFusion sideways is still large, so that the emf at the exit side will 

then decay. Thil phenomenon can be leen in fig.4.1 when the transient is enlarged. 

Thul, one cannot wait too long at the exit lide to let the gradient of entry aide cease.) 

Since the e.m.f. ia related to the logarithm of the hydrogen concentration, the po-

tential change, caused by one current pulse, will decrease when the total hydrogen 

inside the Pd increuel. Therefore, the small gradient of hydrogen concentration at 

( the entry side, which is dominated by the last charging proces. (because the previous 
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gradient should have decayed dUling the last cycle), will contribute a ('\'t'II SIl1,lllt'l 

f. 
1 

i!> 
value of e m.f, difference. Assuming that when the e.m f. at exit side satl\l'clted. tilt' 

~ 
~ 

~, 
ç 

distribution of H is unifOlffi, then hydrogen ~hould have diffused, perpendic\llar tù 11\1' 
~ 

" ,-

t 
normal diffusion direction, about a similar dIstance as the thlckness of the o.;éllllpk. III 

\ 
r 
~ , 
[-

other words, because of the side-way diffusion, the hydrogen will be dist.ribllted O\'t'I' 

an area larger than the charging alea. This increase in hydrogen distribution a)('cl (,illI 

effectively he descrihed as an increase in the radius of the charging area. l'hus, ",it Il il 

certain charging area, the thinner the sample, the smaller the hroadening of hydl'Ogell 

distribution. (That is why the sample can not be too thick). With a charging el 1 ('cl 01 

1 cm in diameter and 0.025 cm in thickness, the loss in charging area due to dlfl Il:'1011 

side- ways will be about a few percent of the total H ab50rbed. 

Second, the surface condition of two sides may be different. As was ITlcntiOllt!d 

m Chapter 3, as weIl as the potential due to the reaction, there is surface potf'lItl,d 

which depends on the material of the electrode and the surface condItIon., (t' g. tll(' 

roughness). Thus, differences in surface condition may callge a potf'lltlal difrt'I('llc(" 

In fact, it was observed that when the Pd was removed from the cell, contalllillat.loll 

of the entry surface was seen. ThIS unknown contaminant proved difficllit 1.0 wclsh 

off. From figA.2, it seems that such surface contamination causes a constant poten t.ial 

of 1.5mv. It should have no effect on the diffusion constant over the short tinw '-;( ail' 

oÎ the measurement, because we only need the emf changes to get the tr,Ulsient ,llId 

hence the diffusion coefficient. In fact, as has been pointed out by Zuchner['19], Sil l'fan' 

,,J> 
impedances have no influence on the diffusion experiment by current pul,-;(' method, cl:' 



( 
54 CHAPTER 4. RESULTS AND DISCUSSIONS 

long as it does not entirely prevent penetration of hydrogen into the metal. 

The e.m.f. of Pd measured at exit side is shown in fig.4.3 for various hydrogen 

concentrations at T=298K (For convenience, we set zero as the potential of SHE. Higher 

pressure corresponds to higher value of e.m.f.. This applies to ail of our results.). As 

can be seen, the slope of the straight line in fig.4.3a is RT IF as given in Chapter 3. 

(here, hydrogen is in a phase. The transition from a to /3 phase (a plateau at emf-c 

diagram) wu seen by charging the Pd with small current (0.1 mA) at entry side, and 

measuring the emf at exit side for very long time (24 hrs) (see fig.4.3b).) This gives 

confidence in the measurements (a.nd also agrees with the results in ref.[49]). Deviations 

of the data points !rom the straight line behavior are expected at low concentrations 

because of the presence of other reactions. ( Obviously, in practice, when hydrogen 

concentration in the metal tends to zero, the e.m.f. of hydrogen in the metal cannot 

he -00 even though Nernst's law predictl 10. Other reactions have to be involved.) 

The diffusion coefficient of Pd can be calculated both from the time delay (i.e. A.t 

in fig.1.2) or, more accurately, by fitting the hansient. The fit involves two parameters, 

as shown in Chapter 3. One is the diffusion coefficient D, and the other Cl is the ratio 

of hydrogen charge in the pulse to the total hydrogen already present in the sample. 

In principle, the latter parameter should be determint.d from experiment (1 x ât), but 

becau.e of diffusion 1081 through the side of the .ample, the oxidation los. (important 

at small hydrogen concentrations) a.nd the possible loss by formation of buhbles, some 

adjustment of this parameter is necessary. Table 4.1 gives the experimental values and 

fitting results of this parameter at varlous hydrogen concentrations. It can be seen 
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eo(10-3) c;;r.p(%) C}it(% ) D(10-11m2/,,) 

2.5 18.8 21.16 4.65±O.03 

3.04 16.1 17.7 4.62±O.03 

3.88 23.6 20.5 4.28±O.02 

4.3 9.8 10.4 4.23±O.04 

4.8 9.7 10.1 4.17±O.03 

5.4 12.0 12.2 3.95±O.02 

6.0 9.9 9.5 3.62±O.03 

6.73 10.1 9.6 3.75±O.03 

7.5 10.5 8.0 3.75±O.03 

Table 4.1: Fitting parameters in current pulse technique for 

Pd- c;., is the experimental value of the ratio, C}it the value 

of fitting resuIts, the error of these parameters is generally a 

few percent 

that generally c;;rp is a few percent difFerent from r.}it. This agrees with the rough 

calculation given abov,~. However, in three cases, c!., and C}it have large differences. 

At low hydrogen concentrations, this may be caused by other reactions (there is also 

derivations from linearity in fig.4.3a at these concentrations). The one at higher hy-

drogen concentrations is a exception which may be an experimental error. The error 

bars in Table 4.1 is the fitting uncertainty. 

Diffusion data are shown in figA.4. Clearly D is almost independent of hydrogen 
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Figure 4.4: Diffusion coefficient of hydrogen in Pd at various hydrogen concentrations 

D(10-11m2 /$) 3.8 4.0 ± 0.2 3.7 1.3 6.3 3.8 3.2 1.9 ± 0.4 

references [7] thi$ work1 [49] [27] [3] [5] [6] thi~ work2 

Table 4.2: Compa.rison of D; thü work1.by current pulse 

method, thi$ work2-by potentiostatic method 

concentra.tion. In Ta.ble 4.2 we shows our results compared with others, agreement 

with recent work is good. 

4.1.2 Potentiostatic method 

The last column of Table 4.2 is the results of the potentiostatic method, using a lM 

acetic acid solution. The experimental procedure is as follows. The sample is treated in 

the same way as in the pulse method. The electrolyte is prepared by mixing acetic acid 

with distilled water. Instead of measuring the e.m.f. at the two sides of the sample, 

tbis method measures the current at the two sides of the celle lnitially both si des of the 
..". 

sample are kept at a selected and constant voltage so that no current( < O.02pA) ftows 
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in the cell. This choice makes the surface of the sample, in principle, free of hydrogen. 

At voltage of Pd 148 mV lower than SCE at exit si de and 157 mV lower than SCE at 

entry si de in present electrolyte, the above condition is satisfied (note, there is about 9 

mV difFerence which may msed !rom the surface contamination we mentioned before). 

When the cell becomes stable, the potential of the entry side is switched to 196 m V 

which makes the potential of Pd more negative than the hydrogen-!ree potential, and 

thus causes hydrogen to enter Pd. The potential of the exit side is kept constant. Alter 

the sud den switch, the current at the entry side increases abruptly and then decays to 

a constant valU!, while at the exit side, it remained zero for a well-defined time, then 

increases slowly and finally reaches a constant value. When current of both si des is 

constant, the voltage of the entry side is switched to a new value of 248 m V, which 

causes a luger hydrogen flux into Pd. The process is repeated with Yc increasing 50 

mV at each step up to 670 mv. Fig.4.5b shows the relation between Yc and c(H/M). 

c( H / M) is the concentration of hydrogen in the sample which can be obtained from 

Ir, as described in Chapter 3 ( here, Ve is not proportional to lnc because here is not 

a equilibrium cas.e). 

A typical transient of this method is shown in fig.4.5a Because the potential of 

the exit side is kept constant, every increase of potential at entry side increases the 

density gradient of hydrogen and hence the current. But problems arise when the 

content of hydrogen is high, because the current through Pd increases as the H content 

increases. If the potential between SCE and the sample at exit side is kept constant, the 

rea! voltage will drop because of resistivity between SCE and the sample, and not be 
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enough to keep the exit side free of hydrogen so that the density gradient of hydrogen 

will decrease. This is why the current of at the exit side decreases after saturation. 

This effect is shown in fig.4.5a. To eliminate such an effed, a conventional way is to 

choose a larger voltage across Pd and SCE at the exit side. However, it takes so long 

a time for the current at the exit side to become zero that contamination could occur. 

The hydrogen concentration wu calculated from e.q. (3.33) assuming the gradient 

is uniform, which is reasonable if the diffusion coefficient does not change with hydrogen 

concentration. It can be noted from figA.5a that ll.I,: is about twice as large as AIr. 

The difference between the input and output amount of hydrogen should be the amount 

of hydrogen inside the Pd. The result il in rough agreement with the value calculated 

from e.q.(3.33). 

The fitting involves two parameters 100 and D. They are shown in Table 4.3. It can 

be seen that D is smaller than the value round from the pulse technique. There are 

two possible reasons: 

1. Surface contamination. Arter the experiment, it wu seen that the entry side 

of sample wu highly contaminated. The surface became black and changed to yellow 

alter a few days of exposure to air. This unknown contaminant reduced the exchange 

rate of hydrogen at the surface, and hence the apparent diffusion coefficient. 

2. The voltage chosen at the exit side. As stated above, when the H content is 

increased the gradient may drop, whieh reduees the eurrent, which gives a smaller 

apparent value of D. 

However, this measurement still makes sense and is also consistent with others 
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c(10-4 ) ..\/'X·(llA) D(10-11/112/:;) 

0.:33 1. ~-l ~.:3±O 1 

1.58 ·1.21 21±O.1 

3.33 ï ·lI 2Ji±O.1 

3.il ï.21 1.9±O.1 

9.8ï 12.07 l.S±O.l 

15.33 14.26 1.6±O.1 

19.33 11 94 1 9±O.:1 

23.97 1-1.44 1.9±O .. 1 

28.12 1280 1.9±OA 

33.03 14.49 1.8±O.3 

36.67 11.07 1.9±O.8 

Table 4.3: Fitting parameters in potentiostatic method fOI Pd 
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resuIts to sorne extent. Fig.4.6 shows D at different hydrogen concentration. It is easy 

to see that D does not change significantly with hydrogen concentration. Actually, it 

is essential that D be consta.nt over a wide range of hydrogen concentration for this 

method to be workable, because a large H concentration gradient is essential to get 

current through the sample. 

After X-ray examination (amorphous NieoZr40), the sample wu mounted on the cell 

directly. No cleaning wu necessary because the sample comes straight from high 

vacuum and is not significantly contaminated d'uring the X-ray process. The surface 

with the thin layer of Pd was used as the exit Sildej the other surface was used as the 

entry side. 

4.2.1 Potentiostatic method 

Initially, we used the potentiostatic method to study hydrogen diffusion. The elec

trolyte wu lM acetic acid. When both sides of the cell becomes stable( the potential 

of the sample is typically 200 m V lower then the reference electrodes), the potential 

of the charge si de is changed to 600 m V to charge the sample with hydrogen. The 

transient at exit si de is shown in fig.4.7. 

Above the noise (created maybe by fluctuations in the i>0wer supply net work), Id 

increases with time, but in a way qualitative difFerent from Pd. We believe this is he-
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Figure 4.7: Potentiostatic transient for Ni-Zr 

cause the diffusion coefficient of hydrogen varies strongly with hydrogen concentration. 

This dependence makes it virtually impossible to analyze the data of fig.4. 7. However, 

we can estimate D from the fad that &fter the entry side has been switched to a new 

voltage, nothing is seen at the exit si de until about three hours later. U sing this time 

delay to estimate D( with 251'm in thickness, and using D '" ~, where to is the time 

delay) , we obtain D '" 6 x 1O-14m2 / ~ (the error of this value can be 100%). 

4.2.2 Current pulse method 

After the sample is mounted in the cell, it takes typically a lew hours lor the cell to 

stablize. The cell wu kept at rest condition for 15 hours belore the first charging pulse 

wu applied (the change of e.m.f. at exit side after this long period was less than 0.05 

mV in 30 minutes). 
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Figure 4.8: Typical transient for Ni-Zr by current pulse tech-

nique 

The typical transient at the entry and exit side is shown in fig.4.8. Two points 

should be noted: 

1. As was the case for Pd, there is a potential dift'erence between the entry side 

and exit side, but DOW the situation is more complicated. The side with Pd (exit side) 

is very stable, and the changes in e.m.f. with time are smooth and continuous after 

a pulse is applied at the entry side. This is similar to the case of Pd. But the side 

without Pd (entry side) is much more complicated. Arter the first few pulses, the e.m.f. 

changes smoothly at the beginning and seems to be predictable. But at later times 

(over 1 hr) the behavior becomes irregular, and the sudden changes of e.m.f. changing 

tendency sometimes can be seen. Arter a few pulses, the behavior becomes smooth 

and regular (or predictable). 
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,1 
2. When the hydrogen concentration is low, the equilibrium e.m.f. oC the entry 

si de is smaller than at the exit side. However, as the hydrogen content is raised, the 

difFerence becomes smaller, and finally the two cross over, 50 that the e.m.f. at the exit 

side become larger than at the exit side. This is quite difFerent from the behavior in 

Pd. 

The equilibrium potential difFerences between the entry side and exit side, prohahly 

resuIts from the two surfaces being dift'erent materials (exit side is Pd, entry side is 

a - Ni - Zr or ZrOz). Complete understanding of this phenomena will needs a careCul 

study oC the interface between the sample and the electrolyte (band structure etc.). 

However, there are few such studies even for crystalline materials. 

When the sample was loaded with hydrogen, it expands significantly. A cap -like 

expansion was formed on the sample at the charging area. This expansion ceased after 

the sample was unloaded from the cell for a Cew weeks ( because the hydrogen (scapes). 

The emf of H in NieoZ1'40 

The em{ of the exit si de at various hydrogen concentrations are shown in figA.9. Two 

points can he noted from this diagram. 

(1) There is no plateau, which is usually seen in the p-c isotherms of crystalline metal 

hydrides and corresponds to a phase transition, even when the hydrogen concentration 

has reached 35% in HlM. This agrees with previous resuIts[17, 9, 32]. 

(2) The slope oC fig.4.9 is 117 ± 2 mv/decade, implying that tbeoretical (Sievert's 

law) value of 59 mv/decade (Rl'nlO) in Chapter 3 is not valid in the present case. 
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( 
Because Sievert 's law implied that the hydrogen concentration is proportional to the 

square root of the hydrogen pressure applied to the Metal, the slope of 117 mv / decade 

implies that the hydrogen concentration in amorphous Ni60Zr .. O is proportional to the 

fourth root of hydrogen pressure (assuming that hydrogen at these pressures can be 

treated as an ideal gas). Similar resuIts are found by Spit et al. using gas loading in a 

amorphous Ni - Zr sample[9]. 

As mentioned in Chapter 2, the p-c isotherms of amorphous Metal hydrides can 

be described by assuming that sites {or hydrogen atoms in the amorphous Metal have 

dift'erent binding energies[8, 32]. In Ni - Zr, there are several kinds of site (4Zr, 3Zr-

INi, and 2Zr-2Ni). The spectrum of energies for each kind of site, can thought to be 

continuous and corresponding densities of sites n has been given as a Gaussian function 

by Harris[32] and Kirchheim[8] 

( 4.1) 

where dN is the number of sites available for hydrogen at energy E within the interval 

dE, EO is the Mean energy related to a standard state and (T is the width of the 

Gaussian function. Fermi-Dirac statistics have to be applied to obtain the ù-:C'upancy 

because hydrogen atoms exist in the Metal as proton 

o E _ n(E) 
( ) - 1 + ezp(~") (4.2) 

where p. is the Fermi energy of hydrogen or its chemical potential. The total number 

of hydrogen atoms or its concentration is obtained by integration of lut equation 

( c = 1.: o(E)dE (4.3) 
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( 
Il Ille Fermi-Dirac function is approxirnated by a step function (/1 ~ RT), we (an 

igllOIC' the high OIder terms of the above integral, wc get 

Jl - EO 
2c = 1 + el'f( ) (4 -l) 

(7 

Wc> t ried to fit our experimental result with this formula. with the two parametcrs EO 

(1nd 17. However, deviations arise at low hydrogen concentrations, because the ab ove 

11'('(1tn1('l1t is tao simplified. We alrcady know that in amorphous Nz - Z,. several 

kinds of sites are available for hydrogen. The lowest energy site, surrounded by -l-ZI 

atoms. is definitely 50 low[32, 17J (lower than the e.m.f. region we can measure llSlIlg 

f'lectrochemical method because of oxidation etc.) that the hydrogen in thcse sites 

cannot diffuse out, once filled. To see if a gaussian distribution for the higher energy 

~itcs (e.g. 3Zr-1Ni site) can explain the emf behavior, we therefore have ta subtract 

t!l('se low energy sites from the measured total hydrogen concentrations. A"slIming the 

Z1'4 sites are simply filled and hydrogen in these sites does not diffuse, another fitting 

pal'ameter will involve in eq.(4.4) which becomes 

J1- EO 
2( c - co) = 1 + er f( ) 

(J 
(4.5) 

\\'1lere Co is the total number of occupied Zr4 sites. A good fit was obtamed usmg 

f'q.(·L5) (also shawn in fig.4.9). The parameters we got are: EO = -21.4 IllV, (7 = 79 

111\', Co = 3.6%. EO and (7 value are consistent with the results of Kirchheim et al.[8J 

The width also agrees with the computer generated results of Batalla et al. [17J. Sinee 

in amorphous metals, different kinds of met al atom are distributed randomly, the 

( p()~sihility t.hat a H atom is surrounded by 4 Zr atom will be proportion al to .r4 , \Vith 
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.1' t he composition of Zr in Nil_rZr~ .. Similarly. the possibility thal Il i" "UITOlllldt'd 

h~ ;~ Zr and 1 :'\Ii atoms will propottional to .rJ(i - .1'). pte. l-Iall is et al. [:t2l ~llggl'st l'li 

that there is a eommon coefficient in this proportlOning (1.9 for melt-splIll matt'llals). 

l Ising this number to calculate the total number or -~Zr site, Wc oht Riu l.S(~ ",hitll i ... 

close to our Co value. Also. if we extend our preS"l\le rcgion to the (,f'giol1 of Bolall .. \( 

equivalent to an e.m.f. of +30 mv), the total h)drogen concentration ('xtrapolé\t(,~ 10 

80% HlM. This value IS in perfect agreement \VIth the reslllts of l3at.alla pt al. [1 il 

fot Slmllar alloy composition (see figA.IO fOl the fillll1g of t11lS gaussian tlIstl'lbutlOll). 

Companng our emf value to the binding energy of hydrogen in letC'rencp[1 il. \\'e UIII 

conc\ude that hydrogen will mainl)' occupy Zr3N~ tetrahedral sites. TllI~ 1OIlclll~i()1I 

is not lIlconsistent with neutron scattering experiment by Suzuki et al.[l'l] c\lId Batalla 

et al.[li]. 

Diffusion behavior of hydrogen in Ni60Zr40 

As we said earlier, surface conditions do not influence the diffusion coefficif'llt. df'l'iver! 

from current pulse technique very much[49], provided they do IlOt. cntilel.v pl'P\'Pllt 

penetration of hydrogen into the and escape of hydrogen out of the ~alllpl(' It is (111)' 

necessary to produce, at the entry side of the sample, a concentration peak SUffiCH'ilt 

to obtain a detectable signal at the exit side. Therefol'e, even though thcl'c maybe 

a potential difference between the entry sicle and exit sicle when the cmf at cxit "idt· 

saturates, our results for diffusion are not affected. 

Fitting to get the dIffusion coefficient through e.q.(3.33) here is a littlc bit different 
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l 
('0 ( 10- 2 ) 1 Cexp 

1 
Cf.t D(10- 14 m 2Is) co(1O-2) 1 c

pJp 
1 

Cf.! n( 1O- 11 111.! 1_) 

.3. !)9 0.5475 O.,j838 2 37±0 02 17 6-1 0.086:3 0.08·11 1~) IK±ll Il.! 

5.,38 0.1533 0.15:36 3.19±O.Ol 19 15 0.061 () O.05!JO [(i 71 ±() ()() 

(US 0.1228 0.1238 3.76±O 02 20.32 o.ons 0.0750 17.70±O.W) 

7.65 0.09S0 0.1028 5.lï±O.03 21.89 0.0677 0.0638 19 ,t~±() ()I) 

8.39 0.0899 0.0909 4.80±O.02 23.36 0.06:11 006:20 ~ll. 7 1 ± n l '2 

9.13 0.1218 0.1469 ,5.79±0.O2 :N 82 0.07·17 o Ob·11 ~I I~±() 1 Il 

10.22 0.1095 0.1327 6.81±0.O2 2666 0.0616 0.01)60 '2:) li±\} II) 

11.32 0.0979 0.1143 7.79±0.02 28.30 0.0520 0.0,52:! ·21.0±O .n 

12..12 0.0894 0.1003 9.19±0.02 29.76 0.0444 0.0,\91 26 8!)±O. 1 7 

13.51 0.0819 0.0937 10.46±0.02 31.08 0.037ï 0.0:32·1 :0 ()!)±O. 1 q 

l-t6l 0.0571 0.056.5 1188±0.06 3224 0,0~66 0.02RI 'II 1ï±IJ 1 .... , 
.-

15.43 0.0721 00726 12.68±0.04 34..59 0.0319 o 02cJï :!!) . .'i 1 ±u n 

16.54 0.0670 0.0695 13.59±0.04 

Table 4.4: Fitting parameters in Ni-Zr-H system 

l'rom Pd, since the slope of e.m.f-Iog HlM in Ni-Zr-H is differf'nt from in Pd. W(· hav(' 

to lise the experimental value. 

The fitting also involves two parameters D and CI' Sirnilar to Tablf' Li, fillill)!, 

parameters are listed in Table 4.4 

The first and fourth column of Table 4.4 is the concentration of hy(l! O!!,C'll ( HlM). 

It can be seen that the diffelence between theory and experiment is lI"llnlly "ll1idl. 
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I,t!.!!,c differences only al. pealing dt hydIOgcn concentrations of around 10% and .307r 

"/\1. ï Ills clppears ab the dcviation fIom the general tlend on the D-Hj~r lli~graJll, 

,1 kink on D-HjM diélgldffi (see fig.-I Il). In fclCt, l\:trchheim et al Icportpd a a 

~1l11tlar kink at 0- HI ~I diagram at d hydlOgen concentration of abou t 3.So/c HI \1 Tlwy 

intcrpreted this kll1k as a transit.ion of the filling of hydrogen sItes from .lZr-1:\i to 

2Zr-2Ni sites. In our case, however, the "kink" usually arises when large deviatlOn of 

Cf" from Cexp exist. Therefore, we do not believe that the "kink" represents a slte-fillillg 

tl t1l13ition [rom :3Zr-1Ni to :!Zr-2NI. but a cxperimental artifact. 

In figA.ll, it IS also easy to see that 0 IS highly dependent on hydrogC'11 concell-

trations (it increases twenty times as the hydrogen concentl'ation increa'les [rom ·IYC 

to :34%). However, Sll1ce the change of the hydrogen concentration is very small at 

('\'cry step (typically 1 to 2 percent HlM) we ignored the change of dIffUSIon coefficÎf'nt 

(,dwut 1 x 1O- 14 m2/s ) in our fitting, In fact, this approximatIon IS reasonable, a:- 1<; 

~h()wn by the fit and the consistency of most experimental measured Cl Wlth htted Cl. 

The charging step cannot be too large, otherwise, no meaningful valu€" of D may 

1)(' found. Furthermore, the initial conditions for the current pulse are not \ alid any 

Illore. This is because when the hydrogen concentration is high, hydrogen diffuses fast 

éllld thus it takes a short tlme for the hydrogen to diffuse through the samplf': hO\'v'e\el. 

since E '" In(HjI\1), it needs large amount of charge in a current pulse (i.e. lalge 

Ctll'rent (5 to 10 mA) times long time (30 seconds)) to create a measurable emf change. 

and this will break the boundary conditions (because the charging time is comparable 

( \\'ith the diffusion time (about 100 seconds)). Therefore, the diffusion measllrement at 
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Figure ·1.11: Diffusion Coefficient ofhydrogen in NI-Zr at var· 

IOUS hydrogen concentrations for two samples 

I1lgh hydrogen concentrations IS not reliable and can only be ll'.;ed fol' a roll!!,h ('!.t 1\11<1' (' 

of t he diffusion constant. 

:\s has been mentioned in Chapter 2, the explanation of the diffusioll I)('hél VIOl 01 

h.\ drogen in amorphous metals is not easy. Actually, it is still lIot clcar what. IS Ill<' 

llIechanism of hydrogen diffusion even in crystalline rnatcrials[:3] 

The simplest model to describe the hydrogen diffusion behavior is by a..,!.llllllllg llll' 

diffusion process is random walk with thermally activatcd jump [rom one int.cl..,tlllétl 

, ..... 
site to another. 
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( 
\\'11 Il regard to amorphous rtlloy~. lùrchheim et al.[8] simplified the diffu~lon plon>.,,, 

tI""'lllllIlg ,\ cOlltinuous distribution of sites wlth contmtlous distri butlOn of (,Ilerg)'. \ \'!th 

.,OIlH' ap()),oxlmatlolls ( ail sites haw the same sdddic pOll1t energy, e\'el'y jlllllp procc!-I" 

Il,1\'(' 1 he sarne mean jump distance, blocking factor is one, etc), Kirchllf'im ct al. got 

1,1)(' following expressIOn for diffusion coefficien t: 

[} 2 Il - Eo 
Def = D àc(l - c) e.rp( RT ) (·1.6 ) 

01. lur low hydrogen concentratIOns 

( -Li) 

\\']lI'r(> D = Doexp( -Q / kT) IS tracer dJffu~ion coefficient (does not depend 011 hydrogen 

(Ollcentration) with Q as activatIOn energy and Do as diffUSIOn coefficient rlt 01\, Il 1<; 

t]Je' cIlPmical potential of hydrogen in the metal, Eo the average binding ellergy of 

]1\ drogpn, 

Eq,(.L7) was t1sed' to fit their results for amorphous Pd775CUf3811ti5 and 

.\"II)<)Pd318P183 at small hydrogen concentratIOns (less than a few percent). 

Howe\'er, ('q.(4.6) predicts that when hydrogen concentration c = 0.5, D = 0 which 

1" IllIphysical (R. Griessen et al [39] had a similar disagreernent with eq,(4.6)), R.C. 

BIOllwer et al.[39J derived another expression for Nb1_ y Vy alloys in 1988[39J. 

'l'hl' coefficients ql) is the probability of finding sites of type j next to sites of type i, Pl 

is the probability of finding sites of type j in the alloy, c) the probability of fincling an 
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- i1l1 f'r~tltia! atom on sites of type J, oS) is the b!ocking factor of SII(' j, El) 18 (ht' ciel 1\ cil illll 

('!J('!g;j for diffusion from site type i to j, and D?) the diffusIOn constan1 1'10111 i ln i dt 

Oh: 

'1'0 app!y this theory to amorpholls matetials, WE' have to make SOIl1l' '\PpI'OXillI<I 

tions. Following Kirchheim et al.[8], we let qlJ = Pl = Il(EJ)' SJ = 1. (tllP fil~t Pqllclllull 

Illeans that there is no correlation between site i and j: whatevt'r a site 1"', 1 lit' pl'ol,a-

bility of finding site j next to this site is still Pl 01' n( E)) in e.qA.I: the sf>C'Olld ('(llIr\\ 1011 

simply means that there IS no blockJI1g affect. In faet, Cl In t'.qA 8 is idC'1l11c,II fo o( 1:',) 

in t-' qA.2). Making the sarne approximatIon for activation enC'rgy ( ail "Îtl'~ !t,t\'(' éI t 1)(' 

sa Ille .,addle pOlI1t energy EO + Q, so the activation energy El) = EU + q - f,), \\'(' 

obtaÎn. 

( 1 ln 

or 

° . 1 Uf1. Il - EO - Q 
InD = InD + 21n( 1 - e) + ln( RT oc) + RI' ( .1. 1 (J ) 

From experiment, we have f1. = 2RTIne (fig.4.9), so finally 

EO+Q 
InD = In2Do + 21n( 1 - c) - + lne 

ItT 
(-1 Il) 

T!tis expression eliminates the problem of D = a when e = 0 .. 5. TherefOlt' tlll' COI1('('II-

tration dependence of diffusion coefficient will be 

D = 2D(T)e( 1 - e)2 

where D(T) = DOexp( - G~i.9) does not depend on hydrogen concentration 
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I·~!!,.( 1 Il), howe\'cr, does not reproducc the expenmental data dS can 1)(' S('('1I Irl 

fig Il:!. Thcrefore, theIe must he ~ome additlOllal physlcal proce~~es in ('q.( 1.8). 

111 rad, dt high hydIogen concentratIOns, the appIoximatlons we mad(' \)('1'01<' IlIcI.\ 

IIllt \alid. The correlation factor Cil) cannot be simply treatcd as Pl' \\ lien a :-.itf' 

lid ... been occupied, the nearest sIte is not available (exclusion effect)[l il for the 1H''\t 

iJ~ drogcn. This factor also has to be considered. 

TIl{' "implest way to include the correlation factor is to assume the COI1Cf'ntratioll 

c!I'IH'IlC!cnce is linear 1 + .>le. Then 

D = 2D(T)( 1 + Ae)c( 1 - C)2 ( ~ .J.3 ) 

Fltting the experiment data with this formula, we got 2D(T) = 3.86±0.Ji _"' IO- 9
C111

1 
/ ~ 

alld A = 1~.4 ± 0.5. This means that when hydrogen concentration rf-'élchecl "bollt 

J0 1,!{" !.he correlation contribution IS about the same order as that of randoIl1 \\'alk 

S() ouly when hydrogen concentration is lower than 0.8% , can we ignole the e!f'('ct 

of correlations in the error of about 10 percent. Thus when hydrogen concenttéltlon 

l'f'é\ches about one percent, they can affect each other. Assuming a cubic block fOl 

h.\'llrogen atoms, the size of this cubic will corresponds to :2 :2 metal atolllic spaces. 

TIH'refole, the distance between hydrogen atoms will be about 0.:35 nm ( rhoosing tilt' 

lI1<'tal atom size as 0.16 nm (Zr)). The fitted results are shown in fig.4.12. In fact. 

when hydrogen concentration is high, the situation is very complicated. The l'eason 

why the correlation factor might Iinearly depend on the hydrogen concentration is not 

c!<'rll'. FUl'thermore, ev en if the relation is reasonable, whethel' it can be llsed to othe!' 
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t 

(a) 

(h) 

Figure 4.12: The fitting of the diffusion constant (a) ~olid 

line: D = 2D(T)(1 + Ac)c(l - C)2, 2D(T) == :1.86 ± 0.:37 x 
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( 
,\ ,1/'111'" i.., Ilot clear either. Obnously, more work is needed. 
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Chapter 5 

Conclusions 

'l'Il(' Clllrent-pulse technique has proved ta be an effective method for ~t.t\d~lil\)!, h~'d\'()1!,t\1l 

diffusion and stOlage in amorphous alloys. 

The results shows that in N lôOZ,,~O, the diffusloll coefficient of hydlO/lPIl IIH «,c\"t'd 

mOlc than one decade with concentration increasing hetween ,1% and :Hl'i'f, II/~[ 'l'hl' 

('xplanation of diffusion coeffiClents need a !inear conccntration depclldel/(,(\ of (01 /'C'la-

lion factor in addition ta the gaussian distribution of hydrogell binrling ('Ill'Igy. Wh 

il "hould be sa is still not clear. More theoretical work is needed. 

The results of chemical potential of H - NI60Zr40 is diffE'/'('lll from tlw ( 1 V"\t ,1111111' 

llH'tal hydrides. The concentration dcpendence of emf shows that the SievPl1. 's la\\' 1.., 

Ilot valid for H - Nz60ZrlO al any hydrogen concentration. l\ gaussian di~triblltioll (JI' 

hydrogen binding energy can be used ta explain the emf behctvior. 

Although the application of the current-pulse rnethod IS sl/ccessful hcw, tlw/'(' 1'" 

also limitation. Apart from the increasing of surface contamination, tlll' P.1lI 1 alld 

79 



( 

( 

CHAPTER 5. COSCLUSIOSS 

If'IJIIH'! rit 11 re region are limited in this method. Furthermore, we need the temperature 

d('IH'lldence of diffusIon coefficient to del'ive the activation energy of hydl'Ogcll diffusion. 

'l'Il<' interface behavior is not understood elther. 

Immersing our cell in a thermal bath. we would be able to study the diffusIon 

Iwh,wio)" at different temperatures. \Vith ct,t least two sources 111 sputtering "'y'item. we 

\rould be a.ble to keep our sa.mple fabricatIon in high vacuum, thel'efore, t'Iiminate the 

('tl't'ct of Zr02' These will be our next projects. 



1 

-

Bibliography 

[1] T. Graham, Phil. Trans. Roy. Soc. (London) 156 (1866) 399 

[~] c.g. B. Hjorvarsson and J. Ryden in Int. Sym. on ~v[ctal-lIydl'Ogell :-y ... tellls (Hdldl'. 

Alberta, Canada sept. 2- Î,) 1990, P45 

[3] "Hydrogen in Metals 1", Vol. 28 of Topics in Applicd Physics. edited 11\' C ·\Ir.ft'Id 

and J.Yokl, Chapter 2 by H. Wagner 

[4J Kangjo Cho et al., J. Less-Cornrnon Metals, 89 (1983) 22:3-228 

[5J e.g. "Hydrogen Entry and Action in Metals" by M.A. Fullenwidel' . P(,l'gcllllull 

Press ( New York 1983) 

[6] B.S. Berry, Scripta Metal!., 16 (1982) 1407 

[il R.Kirchheimand R.B. McLellan, J. Electrochern. Soc. 127 (1980) 211!) 

[8] R. Kirchheim, F. Sommer and G. Schluckebier, Acta Metal!. 30 (l98~) lU:)!) 

[9] F.R.M. Spit, J.W. Drijver, W.C. Turkenburg and S. Radelal', J01l1'l1éll de Phv..,j(l'J(' 

41 (1980) C8-890 



( 

( 

If BIBLIOGR. \ Pli) 

[10] A .. J. Ylaeland, L.E. Tanner and C G. Libowitz, .1. Less-Comm. Met. 74 (1980) 2i(j 

[II] .J . .1. Rush, .1.),1. Roweand A.J Mealand,.J. Phys. F10 (1980) L28:3 

[12] H. Kaneko, T. KaJitani, M. Hirabayashi, ;\-1. Ueno and K. Suzuki, Proc. -lt li Int. 

Conf. on Rapldly Quenched ~Ietals , Sendai, Japan (1981) vo1.2 160.5 

[1:3] K. Kai, T. Fukunaga, T. Nomoto, N. Watanabe and I<. Suzuki, PlOC. ·It h fnt. 

Conf. on Rapidly Quenched Metals, Sendai, Japan (1981) vol.2 1609 

[14] K. Suzuki, K. Hayashi, Y. Tomizaka, T. Fukunanga and K. Kai, .J. ~on-('I y<.;t. 

Solids 61 (1984) 637 

[15] K. Samwer and W. Johnson, Phys. Rev. B28 (1983) 2907 

[16] S.M. Fries, H.C. vVagner, S.J. Campbell, U. Gonser, N. Blaes and P. Steiner .. J 

Phys. F15 (1985) 1179 

[17] E. Batalla, J.O. Strom-Olsen, Z. Altounian, D. Boothroyd and R. Harris, J. :'datel'. 

Res. 1 (1986) 765 

[18] L.J. Lewis and R. Harris, J. Phys. Fl3 (1983) 1359 

[19] C.H. Bennett, J. Appl. Phys. 43 (1972) 2727 

[20] (a) K. Aoki, M. Kamachi, and T. Masumoto J. Non-Cryst. Solids 61 & 62 (1984) 

679 (b) K. A0ki, A. Horata and T. Masumoto in Proe. of 4th Int. Conf. on Rapiclly 

Quenched Metals, Sendai, Japan (1981) vo1.2 1649 



BIBLIOGRAPHY III 

,1 
[21] F.H.M. Spit, J.W. Drijver, and S. Radelar, Z. Physik. Chemie NF 116 (19;9) :!:!:) 

[22] C.R. Hwang. S. Kang, K. Cho and K. Kawamura, Sel'. Metall. 20 (19~G) 12:Jl 

[23] K. Dini and R.A. Dunlap, .J. Phys. FI5 (1985) 273 

[24] A.J. Mealand in "Hydrogen in disordered and amorpholls solids" pdit('d b.\ C. 

, Bambakidis and R.C. Bowman (Plenum, New York. 1986) P 12ï 
, 
~ 
" 
" ~ 
~ [25] e.g. B. Rodmacq, M. Maret, J. Laugier, L. Billard and A. Chambal'Od, Pit"". Ht'\·. 

B38 (1988) 1105 

[26] U. Stolz, M. Weiler and R. KirchheilT' Scr. Metal!. 60 (1986) 1361 

[27] J. McBreen, L. Nanis, W. Beek, J. Electroehem. Soc. 113 (1966) 1218 

[28] R. Kirchheim, T. Mutschele and W. Kienillger, Pme. 6th lnt. Conf. 011 Bnpidly 

Quenched Metals , canada, vo1.3 (1988) 457 

[29] A. Szokefalvi-Nagy, S. Filipek and R. Kirchheim, J. Phys. Chem. Solids 48 110.; 

(1987) 613 

[30] P.M. Richards, Phys. Rev. B30 (1984) 5183 

[31] U. Stolz, R. Kirchheim, J.E. Sadol' and M. Laricljalll, J. Less-ColTlll1on ~ktill'i. 

103 (1984) 81 

[32] J.H. Harris, W.A. Curtin and M. Tenhover, Phys. Rev. B36 (1987) 5784 

[33] J .K. Norskov and N.D. Lang, Phys. Rev. B21 (1980) 2136 



( 
IV BIBUOGU. \P/n 

[:~.I] B S. Berry and W.C. Pritchet, Journal de Physique 46 (1985) clO 

[:1.')J R.C.Jr. Bowman and A .. L Mealand, Phys. Rev. B24 (1981) 2328 

[:16] R.C.Jr. Bowman in "Hydrogen in disordered and amorphous solids" editecl by G. 

Bambakidis and R.C. Bowman (Plenum, New York, 1986) 18,) 

[:3ïJ R. Griessen, Phys. Rev. B27 (1983) 757.5 

[:38J R. Kirchheim and U. Stolz; Acta Metal1.35 (1987) 281 

[:39J R.C. Brouwer, E. Salomons, and R. Griessen, Phys. Rev. B3S (1988) 1021 ï 

[40] "Physical Chenustry" by Gordon M. Barrow, Fourth edition, Publishcd h\ 

MeGraw-Hill Ine. (New York 1979) P606 

[41J J.T. Markert, E.J. Cotts and R.M. Cotts; Phys. Rev. B37 (1988) 6446 

[42] Y.S. Lee and D.A. Stevenson, J. Non-Cryst. Solids 72 (1985) 249 

[43] F.H.M. Spit, J.W. Drijver, W.C. Turkenburg and S. Radelaar, .J. Phjs. (Palis). 

Colloq. C8, 41(1980) 890 

[·1-1] "Physical Chemistry" by Gordon M. Barrow, Fourth edition, Publislwcl by 

McGraw-Hill Ine. (New York 1979) P287 

[45] 8runing and Sieverts, Z. Physik. Chem. 163A (1933) 409 

[46J U. Koster, H- W Schroeder and M. Blank, J. Non-Crystalline Solids 61&62 (1984) 

6ï3-678 



BIRUOGRAPHY \ 

[.ri] Yimmg Huai; M.Sc., University of Montleal·\Plepard.tlOn cllld char,ll'lt'll/'clllol\ 1I1 

sputtered amorphous Ni-Zr films" 

[48J D. Khatamian and F.n. Manchester, J. Nuclear Mater. 166 (1989) :H)Q-:306 

[49J H.Zuchner, Z. Physik. Chemie NF 146 (1985) s217-229 

f [50J 

t 

Y. Sakamoto, J. Phys. Chem. of Solids 49 No.S (1988) pS97-903 

~ 
[. 

r 


