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... ils sont alors commc un songe du matin,
commc un brin d'herbe verte

qui pousse et. fleurit le matin,
mais quc déjà le soù· on coupe, et qui se Jane.

Ps. 89



• CONTENTS

RÉSUMÉ Xl

AI3STRACT Xll

ACKNOWLEDGMENTS Xlll

•

•

STATEMENT OF ORIGINALITY

1 INTRODUCTION

2 METAL-HYDROGEN SYSTE!I!S
2.1 Introduction .
2.2 Thermodynamics of metal-hydrogen systems
2.3 Elastic interaction .

2.:1.1 Qualitative introduction
2.:1.2 Discrete model ..
2.:1.3 Continuum model .
2.3.4 Coherency....
2.:3.5 Lattice expansion .
2.3.6 Elastic energy ...
2.3.7 Validity of the Wagner-Homer theory .

2.4 Hydrogen in amorphous alloys . . . . . . .
2.5 Pr0perties of real metal-hydrogen systems
2.6 Iron-titanium .

2.6.1 The iron-titaniurn binary system .
2.6.2 Hydrogen storage in Fe-Ti .....
2.6.3 Structure of iron-titanium hydrides

3 NANOPHASE MATERIALS
3.1 Overview .
3.2 Grain boundaries . . . . .
3.3 Hydrogen in nanophase materials

4 BALL MILLING
4.1 History of bail rnilling ..
4.2 The process of bail milling .
4.3 Amorphization by ball milling..
4.4 An analysis of the physics of bail milling..
4.5 The question of temperature. .
4.6 Nanophase materials made by bail milling
4.7 CALPHAD calcuiatiolls

4.7.1 Historical notes ....

111

XV

1

7
,
!J

1,1
1'1
IIi
IX
20
21
22
2:1
2:1
2li
27
27
2R
:lO

36
:Ili
:17
:18

41
~I

~2

~:I

~:I

~~

~5

45
~5



•
CO:-;TEi"TS

1.U
'1. ï.:l
1.7.1

Analytical formulation .
Ca!culat.ion of coefficient:; .
Validit.y of CALPIIAD ca!culations

IV

45
46
47

•

•

5 EXPERIMENTAL METHüD5
:'.1 Milling procedure .
!i.2 X-ray apparatus .
:'.:1 An,tlysis of X-ray dat.a

:'.:!. 1 Peak analysis .
5.3.2 Det.erminat.ion of latticc parameter
5.:3.3 Determination of crystallite size ..
5.:l.1 Calculat.ion of X-ray diffraction intensities

5.1 DSC measurements . . . . . .
.S}j Scanning elect.ron microscopy ..
5.6 Chemical analysis .
5.7 I1ydrogen storage measurements .

5.7.1 Description of the apparatus .
5.7.2 Measurement sequence
5.7.:l Calibration .
5.7.1 Preparation of samples

6 BALI, MILLING OF FE-TI
6.1 Nanocrystalline FesoTiso . . . . . . . .
6.2 Amorphous phase and oxygen content.
6.:1 Latticc parameter . . . . . . .
6.4 Mechanically alloyed FesoTiso
6.5 Amorphous FeG7Ti33 ..

6.<i Nanocrystalline Fe'IOTiGo .
6.7 General discussion .

7 HYDROGEN STORAGE IN BALL-MILLED FE-TI
7.\ Overview of hydrogen storage results
7.2 Activation .
7.:l Microstructure and phase stability .
7.4 Discussion............ ..

7.4.1 Nanocrystalline Fe-Ti ....
7.4.2 Force-dipole tensor of FeTi .
7.4.3 Spherical shell model ...
7.4.4 Uniform dispersion model
7.4.5 Chemical disorder .....
7.4.6 Nanocrystalline Fe.loTiGo .
7.4.7 Rela.xation in amorphous Fe-Ti

7.5 Relaxation in nanocrystal1ine Fe-Ti revisited
7.6 Hydrogen absorption in nanocrystalline palladium .
7.7 Kinetic properties . . . . . . . . . . . . . . . . . . .

49
49
50
51
51
52
53
54
55
56
56
56
56
58
59
61

63
63
68
76
ï7
80
83
85

90
90
93
94

100
100
102
104
114
116
119
119
121
122
124



•

•

•

CONTENTS

8 CONCLUSION
S.l l\lilling eXl)('rilllt'nt~ .
S.2 Hydrogen stOl'age t'xpt'rinlt'nb

8.2.1 Equi!ibriulll properties
8.2.2 I,inetic propertie~ .
S.2.~1 Fut.ure experinwnt.s ..

ApPENDICES
A.l Chemical pot.entia! of hydrogen gas.
A.2 Evaluation of the alllorphou~ cont.ent..

REFERENCES

\.

126
lëli
1'27
I:.?ï
lë!l
lë!l

130
1:10
1;\.\

136



•

•

•

FIGURES AND TABLES

FIGURES

2.1 Pre"Hlre-cornposition isotherm of Pd-I-I at 300·e (measured in desorp-
tion) [591. 9

2.2 PIH\"e diagrarn of pd-H (taken from [59]). A mixture of phases is found
bclow the line.. . . . 10

2.:1 y(c) for llint/kT = O. 13
2A y(c) for llint/kT = 4. 13
2.5 y(c) for ll ...t/kT = 8. 13
2.(; Frœ energy (schematic). 13
2.7 Pot.entia! energy of the host lattice (parabola), hydrogen-metal poten-

t.ial energy (straight line), and total potential energy (dashed line) as
a func!.ion of lattice parameter expansion ((). 'l'Iv" dotted Hne shows
the expansion at mechanical equilibrium. . . . . . . . . . . . . . . .. 14

2.8 Left: illnstration of a metal lattice with one hydrogen atom. Right:
illnstration of a metallattice \Vith several hydrogen atoms. There is an
overail expansio~ in addition 1,0 the local distortion around the hydrogen. 15

2.!J Tetrahedral site in bcc niobium. . . . . . . . . . . . . . . . . . . . .. 18
2.10 Octahedral site in fcc palladium.. . . . . . . . . . . . . . . . . . . .. 18
2.l1 Ldt.: illustration of a coherent interface. Right: illustration of an

incoherent interface. 20
2.12 Pressure-concentration isotherms of crystalline and amorphous NisoZrso

(taken from [4]). . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 24
2.13 FcTi. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 27
2.14 Phase diagram of Fe-Ti [95J. The stars are experimental points and

the lines are ca1culated by the CALPI-IAD method. . . . . . . . . . 28
2.15 Free energies of Fe-Ti phases at 3000 e [95J.. . . . . . . . . . . . . . 29
2.16 Prcssure-composition isotherm of FeTi-1-I at 40·C (taken from [70]). 30
2.17 Phase diagram of FeTi-1-I (taken from [70]).. . . . . . . . . . . . . . 31
2.18 a-FeTillo.oB• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 33
2.19 .Bl-FeTiHo.94 in the y-z plane (large cell: unit cell, small cell: FeTi

distorted cell, Ti atoms and 1-12 sites are above the plane of the paper). 34
2.20 1'-FeTil-l1.9o in the x-z plane (large ccli: unit ccli, small cell: FeTi

distorted cell, Ti atoms and 1-14 sites are above the plane of the paper). 35

3.1 Schematic graph of the radial distribution function g(r) for the three
states of matter as a function of interatomic distance (in units of the
atomic radius ro). . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 37

5.1 X-ray diffraction patterns of iron and titanium powders used in this
study. . . . . . . . . . . . . . . . . . .. 50

VI



5.2 Example of a fit for the [321] peak from the pm" il'On po",d,'r. TI\l'
squares are experimental points and the solid line is tlll' total ra!cnlall'd
intensity ",hich inc1udes the diffraction peak and th,' linear barkf';ronlHI. !i:!

5.3 Lattice parameter as a funct.ion of dilTraction angll' for l'ml' Fe. :>;1
5.'1 Schematic diagram of a diff"rential scanning ralorinwt.,·r. . . . . . .. !i"
5.5 Gas-titration system. . . . . . . . . . . . . . . . . . . . . . . . . . .. f,.
5.6 Background signal from the gas-litration system for il' hypothetiral

saml'le of one mole " (\0

•
FIC;tlHES AND TABLES \'11

•

•

6.1 X-ray pattern of F'esoTiso (intermetallic compound) after 0, O.:>, :!, 10,
20, and 40 hours of milling. (l·t

6.2 Crystallite size as a function of milling time. . . . . . . . . . . . . .. G!i
6.3 Strain as a function of milling tÎlnc. . . . . . . . . . . . . . . . . . o' Gf)
6,4 X-ray pattern of FesoTiso (intermetallic compound) showing t.he (100)

super-Iattice peak at a and 20 hours of milling.. . . . . . . . . . . .. 6;;
6.5 Long-range order paramet.el· S of Fe5uTiso (int.ermet.allic componnd) as

a function of tnilling tirnc. . . . . . . . . . . . . . . . . . . . . . . .. n;)
6.6 X-ray pattern of FesoTisu (clemental powders) aft.er 0,2,5, 10, and :!o

hours of milling. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. (i(i

6.7 X-ray pattern of Feso_~Tiso_~Orafter 20 hours of milling. . . . . .. (l7
2 2

6.8 X-ray pattern fit of FesoTiso (size: 6nm) [104]nsing one sharp peak.
Dashed line: total calcnlated intensity (peak + background), dot.tetl
line: intensity from the peak alone. . . . . . . . . . . . . . . . . . .. ml

6.9 X-ray pattern fit of FesoTiso (size: 6nm) [104] nsing a sharp peak
and a broad peak Dashed line: total calculated intensit.y, do\.t.ed lines:
individual peaks. . . .. fi!)

6.10 X-ray pattern fit of FesoTiso (size: 6nm) [1041 using three sharp peaks. 6B
6.11 X-ray pattern fit of FesoTiso (size: 6nm) [104] using thrcc sharp peaks

and one broad peak. ml
6.12 Comparison between the superposition of the two broad peaks obtaincd

by fitting the 6nm saml'le and the experimental amorphous X-ray pat.-
tern. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 70

6.13 X-ray pattern fit of FesoTiso lI'ilIed 20 hours (size: 11um) nsing one
sharp peak. 70

6.14 X-ray pattern fit of the same 11nm samp!e using a sharp peak and a
broad peak. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 70

6.15 Comparison between the superposition of the two broad peaks obtaincd
by fitting a samp!e milled 20 hours (size: 11nm) and the experimcnta!
amorphous pattern. . . . . . . . . . . . . . . . . . . . . . . . . . . .. 70

6.16 X-ray pattern fit of the 11nm samp!e using a sharp peak and the cx-
perimenta! pattern from amorphous Fe4sTi4sOIQ.. . . . . . . . . . .. 71

6.17 (110) peak of coarse-grained FeTi . . . . . . . . . . . . . . . . . . .. 71
6.18 X-ray fit of nanocrystalline FesoTiso (llnm) using the convolutions

of Lorentzian functions and experimenta! peak functions together with
the experimental pattern of amorphous FesoTiso and a !inear background. 71



(i.1 ~J Amorphotls cOlltent versus the amount of oxygen from iron oxide in
F«I'i-Fe203 mixtures milled 20 hours. 71

fi.20 Filial crystallitc sizc of Fcsu_~Tiso_~Ox as a function of x. .. . . .. 72, ,
fi.21 Strain ill lIanocrystals contained ill Feso-fTi,.u-fOx samples as a func-

tian of x. . 72
(i.:n Latt.ice parameter of Fe"oTiso (intcrmetallic compound) as a function

of milling timc. 7G
6.2:1 Lat.t.icc paramct.er as a funct.ion of long-ranger order parameter S. 76
6.2tl X-ray pat.t.ern fit. of elemcnt.al powders (composition FesoTisu ) milled 2

hours using tl sharp peaks. ïï
6.2.5 X-ray pattern fit of clemental powders (composition FesoTiso) milled

2 hours using (in addition to the 3 (\'-Ti peaks and the Fe peak) a
,B-Ti(Fe) peak and a very broad peak corresponding to an amorphous
phase. The experimental intensity is the solid line in a. The dashed
line on the same graph is the tot.al calculated intensity. The intensity
from (l'-Ti and Fe is shown in b. The intensity from ,B-Ti(Fe) and
alllorphous Fe-Ti is shown in c. The scale of c is five times smaller
than t.he scale of a and b. 78

6.26 X-ray pat.tern of Fe67TbJ (clemental powders) after 0, 0..5, 1,2, 5, 10,
and 20 hours of milling. 81

6.27 Scanning electron micrographs of FeG7Tia3 (elemental powders) mi lied
0.5 hour. . . . . . 82

6.28 DSe scan of FeG7Tia3 milled 20 hours. . 83
6.2!l X-ray pattern of Fe40TiGO (elemental powders) after 0, 2, 5, and 20

hours of milling. . .. 84

7.1 Pressure-composition isotherm for coarse-grained FeTi. 91
7.2 Pressure-composition isotherm for nanocrystalline FeTi made from the

intermetallic compound FeTi (crystallite size: 12nm). 91
7.3 Pressure-composition isotherm for nanocrystalline FesoTiso made from

elemental powders (crystallite size: 12nm). 91
7A Pressure-composition isotherm for nanocrystalline FesoTiso made from

elemental powders (crystallite size: Gnm, result taken from [104], ab-
sorption only). . . . .. 91

7.5 Presslll'e-composition isotherm for nanocrystalline Fe4oTiGO (crystallite
size: llnm). . . 92

7.6 Pressure-eomposition isotherm for amorphous FeG7Tia3: squares: first
storage cycle (absorption only), circles: after repeated storage cycles. 92

7.7 X-ray diffraction pattern of amorphous FeG7Tia3 treated with palla­
dium. The crystalline peaks are those of tungsten earbide impurities.
There is not enough palladium to produee visible peaks. 96

7.8 X-ray diffmetion pattern of eoarse-grained FeTi before (a) and after
(b) storage experiments. . . . . .. 96

7.9 X-my dilfraetion pattern of nanoerystalline FeTi before (a) and after
(b) storage experiments. 97

•

•

•

FI<lllllES AND TA/lJ.I·;S \'1: 1



7.10 X-ray diffraction pattel'll of nanocrystallin,· 1'\'f,lTir," \",for<' (a) and
after (b) storage experiments. lI,

7.11 X-ray diffraction patt.el'll of nanocryslallin<' 1'\'.lllTi':lI I",fon' (a) and
al'ter (b) storage experiments. !I~

7.12 Pressure-composition isothl'nn of tlll' lTystallin(' ('(llllpOn,'nt o!'('(lars,'­
grained FeTi (solid line) and nanocrystallinl' Fl'Ti (dotl.<'d lilll'), oh­
tained by snbtracting the alllount of hydrogl'n COITl'sponding 1.0 ahsorp­
tion in the amorphons phase usiug the isotherlll of rt'Iaxl'd amorphons
Fe50Ti r•o. Illll

7.13 ,8t-FeTiHo.9" in the y-z planl' (large l'l'Il: unit. cdl, small ('(,II: (·\·Ti
distorted cell, Ti atoms and Il atoms hiding iron arc ahoyl' t.!,,' plalll'
oi the paper). A1so drawn arc t.he x and y axes of t.he init.ial 1~·Ti ('('11,
its z axis is normal to the paper. The x,y, and z sites arc id..nt.ifi(·,!. 1112

7.1'1 Spherical shen mode!. . Ill'I
7.15 Calculated pressure-composition isot.herms for different. amonnts of

amorphous phase wit.h hydrogen concentrat.ion c,,=1l.:l5, as calculal.,·d
using the sphedcal shen mode!. The initial isot.h",·m has ;, plat.l'au
at. 12.G atm and a maximum solubility in the ct phase of 0.05 hydro­
gen/meta!. The amorphous content is: (a) 0%, (h) 10%, (c) 211%, (li)
30%, (e) '10%. 110

7.lG Calculated pressure-composition isoth('\'ms for different. alllounts of
amorphous phase \Vith hydrogen concentration c,,=0.'15, ;l.' calcnlat.ed
using the spherical shen mode!. The amorphons content is: (a) ll%,
(b) 10%, (c) 20%, (d) 30%, (e) 40%. . 110

7.17 Calculated pressure-compositiun isotherms for different. amonnts of
amorphous phase with hydrogen concentration c,,=0.55, as calcnl:~t.ed

using the spherical shen mode!. The amorphous cont.ent. is: (a) 0%,
(b) 10%, (c) 20%, (d) 30%, (e) 40%. . III

7.18 Calculated pressure-composition isotherms for different conccnt.rations
of hydrogen in the amorphons phase: (a) c,,=0.35, (b) c,,=0.45, (c)
c"=0.55. The amorphous cont,ent of the material is set to 20%. . III

7.19 Calculated pressure-composition isotherms for different amonnts of
amorphous phase with hydrogen concentration c,,=0.'15, Il.~ calcnlated
using the spherical shen mode!. The volume expansion pel' hydrogen
absorbed is assumed to be the same for the amorphons phase and !JI­
FeTiHo.94• The amorphous content is: (a) 0%, (b) 10%, (c) 20%, (d)
30%, (e) 40%. 112

7.20 Uniform dispersion mode!. 11'1
7.21 Calculated pressure-composition isotherms using the uniform disper-

sion model for different amounts of amo~phous phase: (a) 0%, (b) 5%,
(c) 10%. . . Il'1

7.22 Calculated pressure-composition isotherms for partiany disordercd (8 =
0.9) FeTi (b) and reference isotherm for l'ully ordered FcTi (a). . IIG

7.23 Pressure-composition isotherm for amorphous Fe50Ti5o rneasured by L.
Zaluski [108] (squares: as-rnilled material, triangles: relaxed material). 119

•

•

•

FIGUHES AND TAilLES IX



7.~1 l'reSBme-composition isotherms of nanocrystal~ine Fe50Ti5o with Pd
cat.alyst me'L,ured hy L. Zaluski [108]: (a) as-milled, (h) after annealing
at :IOO°C for 0.5 hom, (c) at 100°C for 0.5 hour, (d) after long annealing
at 1000C. 122

7.~:; Concent.ration as a function of time in coarse-grained FeTi (squares)
and nanocrystalline FeTi (triangles) at carly times. .. . . . . . . .. 124

7.2G Concentration 'L' a function of time in coarse-grained FeTi (solid line)
and nanocrystalline FeTi (dashed line) for long times. . . . . . . . .. 124

•
FI(:I:IlES Al"1l TAilLES x

A.l Peak functions determined from the X-ray pattern of coarse-grained
FeTi and used for fiUing experimental peaks in patterns with an amor­
phons component.. . . . . . . . . . . . . . . . . . . . . . . . . . . .. 134

TABLES

0.1 Acknowledgments regarding l\'lcGill col\eagues..

1.1 lIydrogen content in various medi.a (taken from [2]).

XIV

1

32
33
34
35

•

•

2.1 St.ructure of FeTi hydrides .
2.2 Atomie positions in a-FeTiHo.oG .
2.3 Atomic positions in ,BJ-FeTiI-lo.9., and ,B2-FeTiHI.'IO' .
2.4 Atomic positions in ,-FeTiHI.9o, .

6.1 Peak areas of a llnm sample for each type of correction for the amor-
phous content (first column: direction, second column: no correction,
thirel: corrected with a hroad peak, fourth corrected with the exper­
imental amorphous pattern, fifth: FeTi intermetallic (experimental),
sixth: FeTi intermetal\ic (calculated). . . . . . . . . . . . . . . . . .. 72

7.1 Pressure of the absorption and desorption plateaus of each crystalline
sampie (in atmospheres). The midpoint is determined from the arith-
metÏc mean of the logarithm of the two plateaus. 90

7.2 Crystal\ite size of samples after activation and repeated hydrogen absorption­
desorption cycles (in nanometers). For coarse-grained FeTi, the linear
regression led to the origin of the aXes wi th the error bar spanning pos-
itive and negative values. The domain size along the [hOO] direction is
too large to be accuratcly determined from the width of X-ray peaks. 94

7.3 StI'ain vaInes for samples after activation and repeated hydrogen absorption-
desorption cycles. . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 95

7.4 Amorphous content, lattice parameter d, and long-range order param-
eter S of samples as-milled. 95

7.5 Amorphous content, lattice parameter d, and long-range order param-
eter S of samples after activation and repeated hydrogen absorption-
desorption cycles. . . . . . . . . . . . . . . . . . . 95

7.6 Number of each site per metal atom for S =0.9. . . . . . . . . . . .. 117



•

•

•

RÉSUMÉ

Le broyage à haute énergie du systl~lne Fe-Ti t'st. l'l;aliSl; pout" lltH' gatllllW l~t('l1(hlt·

dc C0l11posltlons. Les conlpositions FCfloTiriO Pt. Fp.mTitlll pn)lluisl'tlt. lIll COII1IU)sit.t'

amorphe-nanocristaux sous l'erret du broyage'. Un amorphe pur l'st produit dalls ".

cas du F"67TÏJ3. Cet alliage amorphe absorbe l'hydrogl,ne, eontmireml'nt au ("0111­

posé intermétallique de même' composition. Les alliages nauocristallins quant i, eux

présentent un rétrécissement; du plateau d'absorption et. un abaissement de la pl'l'ssion

de cc plateau. Cette modification des propriétés d'absorption est due i, l'interad.ion

entre les nanocristaux ct la phase amorphe. Cette interaction est. analysée .'t l'aÎ(h' d ~llil

modèle simplifié des contraintes élastiques. Enfin, l'hydroglllll' est ahsorh" l",anenul'

pIns rapidement par les alliages nanocristallins qne par les matérianx convl'ntionnds.
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AB5TRACT

lIigh energy ba!1 milling of the Fe-Ti system is carried out over a wide range of

compositions. Milling Fe50Ti"u and Fe.1UTiGO produces a composite materia! with

arnorphons regions anù nanometer-sized crysta!s. Milling FeG7Tb3 leaùs to a single­

phase alllorphous alloy which absorbs hydrogen, in sharp contrast to the intermetallic

compound of the same composition. The nanocrystalline samples on their part exhibit

a narrowing of the miscibi!ity gap and a reduction of the pressure of the absorption

p!at.eau. The change in absorption properties, which is due to the interaction between

t.he n<Lnocrysta!s and the amorphous phase, is analyzed using a simplified model uf

t.he e1ast.ic st.ress. Finally, hydrogen is absorbed much fast.er by nanocrystalline alloys

t.han by conventiona! materia!s.
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STATEMENT OF OR!GINALITY

The author c1aims the fol1owing aspects of the thesis 1.0 Le original cont.ribnt.ions t.o

the advanccment of knowledge.

- The first comprehensive study of a nanocrystal1ine metal hydrid" nUHI" by bail

milling.

- The establishment of a correlation between oxygen c.ontent and 'H1\orpho1's frac­

tion in bal1-milled nanocrystalline Fe-Ti from X-ray diffraction Illeasurcnlt'nts. i\n

oxygen limit above which complete amorphization occurs has prcvionsly bCl'n re­

ported [104], but we have also found a relation of proportionality t.o l'xist. in cast's of

partial amorphization.

- The complete amorphization of Feo7Ti33 by mechanical alloying. Part.ial amot'­

phization was achieved by Cocco ct al. [16], Eckert ct al. [26], and Chn ct. al. [15J.
- The measurement of the enthalpy of crystallizat.ion of amorphous FemTi:." ob­

tained by mechanical alloying.

- The measurement of pressurc-composition isotherms of hydrogen in bal1-lIIil1cd

Fe-Ti al. non-equiatomic compositions.

- The extension of the Wagner-Homer theory of the elastic interaction in met.al­

hydrogen systems 1.0 the case of crystals subjected 1.0 an extcrnal stress and the

application of this model 1.0 the explanation of the hydrogen storage propcrties of

ball-milled nanocrystalline Fe-Ti.
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INTRODUCTION

•

ln t.he search for alternat.ive fuels, hydrogen stands as the ideal candidate, its combus­

t.iOlI cssent.ially producing water vapor. The main problem limiting the widespread

lise of hydrogell is t.he dimcult.y to st.ore it in a safe and practical manner.

Hydrogen can be stored in t.hree states: gas, liquid, and metal hydride. Gaseous

storage gives a very low volume density while heavy metal containers are required for

t.he lise of high pressures. This form of storage is also dangerous, especially in vehicles

since containers ruptured in accidents would pose a risk of explosion. Liquid storage

is very efficient., both in t.erms of volume and mass density. The refrigeration system

,'equired makes this solution complicated. In addition, liquid hydrogen evaporates

and losses could be important during long-term storage.

Metal hydrides certainly constitute the safest method of storing hydrogen. They

can absorb up to one hydrogen atom per metal atom, this gives a higher volume

density than the liquid state. Ilydrogen can be dissolved in certain absorbing alloys at

Table 1 l' Hydrogen content in various media (taken from [2]). ,

medium moles of Il per cm3 weight percent of Il

Il2 gas at IOOatm 0.81 100

Il2 liquid 7.0 100

Mglh 11.1 7.6

Mg2 NiH4 9.8 3.8

FeTiHl.90 10.0 1.8

LaNisIl6 12.6 1.5
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a Îe\V atmospheres of pressure, kept there an indefinit,· amonnt of t.ime, and rdrieved

by heating the alloy at a fe\V hundred degrt't's. Alloys \Vith a \Vide "ariet,y of ahsorption

characteristics exist. Unfort.unat.ely met<tl hydrides are rrippled by several p1'llblt·ms.

which we will now describe.

Hydrogen absorbing metals and alloys arc generally very st'nsit.ive 1.0 smface con­

tamination. They easily form oxides which block the passage of hydrogen ,tI.oms int.o

the materia1. Secause of this. met<t!s exposed t.o <tir have t.o he snbjl'dt'd t.o <tn ac­

tivation treatment at high temperatmes and hydrogen pressmes. If, in t.he Course of

its use, a meta! hydride is exposed to air, the activation trl'at.ment must be repeat.t·d,

ultimately resulting in the degradation uf the sto.age cap<tcity.

Crystalline metal hydrides have a miscibility gap, t.his me<tns t.here is <t COUCl'n­

tration range where a homogeneous hydride pha.'e is uust<tb!". Upon hydrogen <th­

sorption, the hydrogen concentration l'l'aches <t soluhilit.y limit, after which rl'gions

with very high hydrogen content start forming if more hydrogen is dissolve,\. This

inhomogeneous absorption translates into an inhomogeneous expansion of t.he ma­

terial and this leads to decrepitatioll. The miscibility gap is reached al. a ""l'tain

pressure which depends on temperature and on the materia\. The gap shows up on

pressure-composition isothermal cmves as a platean where the pressme is constant.

over a wide concentration range. It is au advantage from the point of view of st;orage

since hydrogen l'an be successively stored and retrieved by a moderated ch<l.nge in

pressure. Amorphous alloys, which are very disordered and have a wid(l distribution

of binding energies, do not exhibit a plateau. Therefore they do not decrepitat.e but

their storage properties are not as interesting since one must change the pressure by

a large amount to either store or recuperate hydrogen. Decrepitat.ion poses prob!ems

in tenus of how the metal hydride powder is to be k"pt inside a container.

Finally, by their very nature, meta! hydrides arc heavy. The exception is mag­

nesium hydride, which has a very good hydrogen mass densit.y. Unfortunatc\y it is

the most easily oxidized metal hydride. Table 1 gives the volume density and weight.

percent of hydrogen of various forms of storage.

In the hope of improving the properties of metal hydrides, our group has initi­

ated a detailed study of hydrogen storage in nanocrystalline alloys. Nanocrystalline
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lIlaterials are polycrystalline materials with nanometer-sized crystallitéls (typically 5­

!OUmn). In this fine lIlicrostructme an important fraction of the atoms are located

at grain boundaries. Depending on the thickness of those boundaries - a currently

controversial issue -, up to .50% of the atoms can be included in them. In any case,

a large number of atoms in nanocrystalline materials are located within a few lattice

spacings of grain boundaries. This microstructure should l'l'ovide a wide variety of

storage sites with binding energies more or less different from normal sites found in

conventional materials. For example close to grain boundaries, especially incoherent

grain boundaries, the crystal lattice will be strained, and storage sites located there

will have their binding energies slightly changed. This is also truc for coarse-grained

lIlaterial but their low density of grain boundaries makes it a negligible factor. The

large nUlllber of interfaces and free surfaces, could enhance diffusion and possibly

reducc decrepitation. Since nanocrystalline materials already have a very fine mi­

crostructure, hydrogenation may not necessarily break it up further. As to diffusion,

it cannot be known in advancc whether interfaces are a better environment for the

diffusion of hydrogen, this is something our experiments are intended to revea!.

Having decided to investigate hydrogen storage in nanocrystalline materials, wc

had to choose a l'articulaI' materiai and an appropriate method of synthesis. lt was

decided by our group to study FeTi first. FeTi is a weil known storage compound

with a total capacity of approximately one hydrogen atom pel' metai atom. lts con­

stituent clements are also inexpensive. lts weight may limit its use to stationary

applications. The work on FeTi described in this thesis was conducted in parallel

with other members of our group working on other compounds.

There are three \Videly used methods for the synthesis of nanocrystalline metals

and alloys: gas phase condensation, crystallization of an amorphous phase, and bail

milling. In the condensation method , a meta1 is evaporated inside a chamber filled

\Vith an inert gas and collected on a cold finger. Nanometer-sized dusters are ob­

tained by scraping the surface of the cold finger. Dense materials are obtained by

compaction in u1tra-high vacuum. The samples obtained by condensation are small (a

fe\V milligrams) and, in our opinion, using it for a1loys may pose problems regarding

the precise control of the chemical composition of the dusters.

•

•

•

1: INTllOD\JCTION 3



'T'he method of crystallization of t.he amorphous phaR' cannot 1", used for largt'

samples in the Fe-Ti system. Wc \\"ere unable to make amorphous FeTi hy nlt'1t­

spinning and bail milling produces an au,orphous phase only for compositions dos,'

to Fe67TÏJ3 or by adding oxygen. Amorphous Fe-Ti has been prepared hy SlImiyama

et al. [Sa) using vapor quenching, but the samples so-produœd are inhl,I"t'nlly small

and impractical for purposes of hydrogen st.orage.

In bail milling, balls made of a very hard mat.erial, st.eel or t.ungsten carhid,',

are moving rapidly inside a rotating or vibrating container wit.h thick walls. TIlt'

balls collide repeatedly and transfer energy to the powder trapped betwccn them.

This mechanical energy transfer causes deformations in the material. If \\"e st.art.

with a single phase material, the dcformation process causes a relinement. of the

microstructure and, in certain cases, structural transformat.ions. If wc start. wit,h a

multi-component material, the milling process creates a large number of int.erfact'H

where chemical reactions can take place. In both cases a steady-state is reached

where the final product normally depends only on the average chemical composition

and milling conditions. Bali milling is a non-eqnilibrium process and thus permits the

formation of metastable phases which can not be synt.hesized by conventional means.

Bali milling has the advant.age of producing large amounts of material (a fcw gnuns

with laboratory equipment) and industrial scale mills already exist.

In addition we wanted to try making amorphous Fe-Ti, with the intention of

controlling the crystallite size from large to very small values. The amorphous phase

would correspond to the limit when the size goes to zero. Fe-Ti is not a good system

for melt-spinning since amorphous phase formation is expected only close to a 10IV

temperature eutectic, something which is not found in the phase diagram of Fe-Ti. As

mentioned above, our attempt \Vas only partially successful. Wc made amorphons Fe­

Ti only at the Fe67Tb3 composition. We could have tried using this matcrial to makc

nanocrystalline Fe2Ti by crystallization of the amorphous phase but this compound

does not absorb hydrogen (iron has much less affinity for hydrogen than titanium),

therefore we found limited interest in such an experiment.

Bali milling experirnents on Fe-Ti have already been performed by several groups [27,

21,15,16). However results concerning amorphous phase formation vary and the sub-
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jecl. [("I"ires flll'ther investigation.

The synthesis of nanocrystalline materials is a subjeet of study in itsclf. Among the

differenl. rnethods of characterization, X-ray diffraction is probably the most useful. It

gives precise information conccrning the amount of each phase present. It also permits

indirect determination of the crystallite size and strain level from the width of the

peaks. In the case where I.wo clements diffuse in each other, the lattice parameter can

pl'Ovide information on interdiffusion. X-ray diffraction is thus a very appropriate

methûd fOï the study of phase transformations and was the main characterization

met.hod used here.

Our storage experiments were carried out in a gas-titration apparatus. Electro­

chcmical stornge where the saml'le serves as the cathode is another possible method

of mcaslll'emcnt but. it is not as simple as gas pha.,e measurements, and not very

l'radical in the case of FeTi. Most of the absorption in this system occurs above at­

mospheric pressure and additives would have to be used in the electrolyte to prevent

the evolution of hydrogcn (the formation of bubbles of hydrogen at the surface of the

sam pie). Gas storage is insensitive to the form or shape of the sample, provided that

hydrogen can diffuse easily throughout the saml'le. This is an important factor since

metal hydrides decrepitate during absorption-desorption cycles. In electrochemical

measurements, we would be forccd to deal with l'roblems of mechanical integrity of

the cathode.

Our investigation of hydrogen storage in ball-milled Fe-Ti will focus on the follow­

ing objectives. We will determine the phase transformations occurring during milling

and try to describe the reaction mechanisms involved. As to hydrogen storage, we

intend to det.ermine the new thermodynamic properties of the Fe-Ti-H system. This

is l'Specially interesting since nanocrystalline materials have significantly altered ther­

modynamic properties compared to their coarse-grained counterparts. In view of pos­

sible applications we will also report the changes in kinetic properties and activation

behavior upon crystallite size refiuement. We will finally attempt to relate OUI' re­

su\t.s to the findings of other groups on nanocrystalline palladium hydride. Mütschele

and Kirchheim [63J followed by Eastman et al. [23J have observed a narrowing of

the miscibility gap in the Pd-H system. Grain boundary regions are thought to be
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responsible for these changes but the precise interprdation of the \'l'sults is a cause of

disagreement. In fe-Ti wc also expeet the hydrogen storage prop"I-t.ies t.o Il(' alfectt'd

by the high density of grain boundaries and by the ehemical disordt'r induc<'d hy

baIl milling. A precise characterizat.ion of t.he materia! will he import.aut. in (lI",ke t.o

attempt explaining the properties of nanocrystalline 1'l'-'1'i.

Our presentation is organized in the following manner. In chapter :! we gi\'(' an

introduction to the properties of metal-hydrogeu systems with a l'articulaI' t'mphasis

on the e!astic interaction between absorbed hydrogen atoms. Chapt.er :1 summarizt,s

the recent developments in the field of nanophase materials with a section on tilt'

palladium-hydrogen system. Wc describe the method of baIl milling in chapter .\.

The detailed description of our experimenta! methods as weIl ,t., our procedure used

for data analysis is found in chapter 5.

The resu!ts are given in the two following chapt.ers: t,he synthesis of nanocrysl.alline

and amorphous Fe-Ti in chapter 6, and the starage propm·tics in 7. They arc followed

by a few concluding remarks in chapter S.
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METAL-HYDROGEN SYSTEMS

2.1 Introduction

The field of hydrogen absorption by metallic materials dates back as far as 1866 [39].

The imperatives of technological progress have recently given the research commu­

lIity the motivation to deepen its understanding of the phenomenon. A considerable

,UllOllllt of work has beell devoted to the study of the detrimental elfect of hydrogen on

stl'llctllm\ materials (steel embrittlement) and semiconductors (hydrogen impurities

in silicon).

Scvem\ hydrogen absorbing metais and compounds such as Nb, V, LaNis, and FeTi

have bccn studicd in the last forty years but no widespread commercial application

has rcsultcd so far. At the time of writing, there is renewed interest in the use of

hydrogcn storage materials.

Beforc we give the important l'Csl'lts to be used in our study, we must first give

sollle definitions and basic results. Metal-hydrogen systems are often referred to

as hydrides. ln this work the definition by Fukai [34] will be used. This definition

includes lIletal-hydrogen systems where the hydrogen changes the crystalline structure

(topo\ogical change) and those where the hydrogen atoms in solution at least form an

ordered structure while the host lattice undergoes a slight distortion and expansion.

Many metais and intermetallic compounds absorb large amounts of hydrogen.

The fh molecule is dissociated at the surface and the H atoms are adsorbed and then

absorbed into the bulk of the material, their electron contributing to the electronic

bands of the host metal [34].

The equilibrium data on metal-hydrogen systems is usually presented in the form

of isothermal pressure-composition curves. We present the data for palladium which

7
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is the most widely studied and was the lirst discov('I"('d hydrog,'n 'lhsorhin~ \IIetal

[39] (figure 2.1). The isothel"lnal curve gives the l"('Iation [",t.(l"l','n hydrog('n PI"('SSUI"('

and hydrogen concentration iu the materia] al. ('quilihriu\II, t,'mpl'ratur,' Ill'ing kl'Jlt

constant. If prcssure-cOlnposition isothcrms are oht.aÎtlt'd for il ranw' of t,('111lu'rat.lll'l':--.

a phase diagram l'an be established (figure 2.2).

Isotherms measured during absorption are generally dilf"l"('nt fro\ll thosl' nH'asur<'d

during desorption. Isotherms measured dming desorpt.ion arc nOl"lnally shift,',l t.o

lower pressures with respect to that obtained during absorpt.ion. This hyst.l'I·,'sis

is caused by plastic work occurring during t.he format.ion and dl'co\llposit.ion of t.hl'

hydride phase.

In the 1011' pressure region, we find a disordered solut.ion. The hy,ll'Og<'n is rando\llly

distributed over storage sites (fccocl:ahed"al sit.es in the rase of Pd-II). In t.his 1'1"(",snl"('

range the concentration varies very slowly wit.h pressme. The concent.rat.ion ron~~hly

follows Sieverts law:

At a certain pressure, which depends on temperature and on the absorhing mat.erial,

the concentration increases while therc is no change in hydrogen pressnre. A so­

called "plateau" is reached. After this plateau is passed an increase in pressure

is again necessary in order to augment the hydrogen conccnt.rat.ion. The plateau

corresponds to the formation of a hydride phase. Instead of having a continnons

change of hydrogen concentration with hydrogen pressure, regions of hydride phase

(regions with high hydrogen concentration) st.art forming. We thus have a phase

separation which occurs below the critical temperature. The platean region is also

referred to as a miscibility gap. Above t.he critical t.emperature there is no phase

separation and the relation between concentration and pressure is continnons (figure

2.2). The phase separation is due to the interaction between dissolved hydrogen

atoms. The interaction includes an elastic as well as an e!ectronic contribution. Their

relative importance varies from one system to an other. In the case of Pd-H, it is nearly

equal [20]. This transformation from a phase with 1011' concentration to a pha.qe with

high concentration is responsible for the hysteresis observed as the material passes

through a full absorption-desorption cycle. As regions of high concentration growl

•
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Figure 2.1: Pressure-composit.ion isolherm or Pd-II al 3QQ·C (me,,"ured in desorplion) [59].
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•
plast.ic work acc.urs becausc of t.he inhomogencous lattice expansion. Ul'on absorption

the pressure must. be raised higher t.han the equilibrium plateau pressure in order 1.0

inil,iat.e t.he t.ransformat.ion. ln the same manner, upon desorption, the pressure has

t.o be decreased further than the eqnilibrium pressure in order 1.0 decompose the

hydride phase. The equilibrium pressure-composition isotherm is that which would

be observed were there no interface between t.he low-concentration solution and the

hydride phase. The absence of a miscibility gap above the critical temperature is due

to the thermal motion of the hydrogen atoms, which is such that phase separation

is no longer possible and a homogeneous disordered solution is found al. al1 hydrogen

pressures.

2.2 TlIermodynamics of metal-lIydl'Ogen s,ystems

At equilibrium the chemical reaction

(2.2)

•
has equalreaction rates in both directions. From a thermodynamic point of view, the

hydrogen gas is in equilibrium \Vith the hydrogen in solution in the metal host if the

Helmholtz free energy A of the combined gas-solution system is al. a minimum. The
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total number of hydrogen atoms is conserved:

N, the number of hydrogen atoms dissolved, complctcly uetcl'lnines t.he st.at.e of th.,

system. There is a factor 2 in front of the number of 112 lIIolccnlcs Nil"" hecanHe t.here

are two hydrogen atoms pel' molecule. The free cnel'gy is at. a minilllnlll if
•

N'otal = 2N",,, + N. (2.:1)

;~ = O. (2A)

The total free energy comprises that of the hydrogen gas and that. of t.he IIIdal­

hydrogen solution:

A A +A (2.fl)= 1/29a6 :I(Jlution' -

Equation (2,4) becomes:

•
From (2.3) wc have

(2.li)

(2.7)

(2.S)
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and (2.7) \",camcs

Wh"r"
iJil 1/'9U •

aV = I l 1/29fJ :J

J ya!J

is th" d",mical patential of the gas and

aN

11

(2.9)

(2.10)

(2.11 )

is that of the mctal-hydrogen solution. Equation (2.9) is the weil known rule that sev­

"ml ph'Lses of the same constituent arc in equilibrium with each other if the chemical

potentials of ail phases arc equal:

1
2Jlll-19as = Jl soll1tion, (2.12)

(2.13)
•

using (2.10) and (2.11). There wouId not be a factor of t, had wc chosen 1.0 define the

chemical potential of hydrogen gas as the derivative of the free energy with respect

1.0 the number of hydrogen atoms instead of the Illunber of hydrogen mo!ecules.

The chemical potentia! of hydrogen gas is

Itl/,9.' = Ed +kT!n (~),

where Ed is the dissociation energy of the hydrogen molecu!e, k is Boltzmann's con­

stant., T is th!.' temperature, and Po varies as T 7/2. The derivation of equation (2.13)

and the significancc of Po is found in appendix A.l.

On the other hand the frcc energy of the hydrogen in solution is:

Sne and Se are respectivcly the non-configurationa! and configurationa! parts of the

cntropy.

The configurational part is:

•

A = Hsolution - T Ssolution

A = H. -TSne -TSe•

[
N! ]

Se = k!n Nll!(N _ Nil)! .

(2.14 )

(2.15)

(2.16)



N is the number of dissolv<'d hydrogen atoms and XII t\1<' nlnnlH'r of siks (Olh' typ"

of site is assumed). The non-eonfigmational part indlld,'s vibrationa! and t'\t>l'tn>nÎl'

contributions. The chemieal potentia! follo\\'s:•
2: 1\IETAL-IIYDROGEN SYSTE~IS I:!

üA
It.,ollltion = ()N

ail, TaSn.' J. T ( N )
It,olnlivn = ') " - a" + . In y y()\ n j'II-j'

11.,0Iu/;ou = Ito(T) +kT ln (_C_.-) - Il;u/('.
I-c

(:!.Ii)

(:!.I~)

(:!.I!l)

where c = N/NII is the hydrogen concentration and 1'0('1') d"lwnds on tt'llIpt'rat.lIl'<'

but not on concentration. The term (-lIiu/C) is the first-ord,'r cOl'l'edion, in tel'lns of

concentration, to aH./aN and -T(aSuc/aN). This last tel'ln in (2.I!J) "XPI'<'SSl'S tlte

interaction betwcen hydrogen atoms dissolved in the llIelallk llIatrix.

Substituting (2.13) and (2.19) in (2.12) gives us the relation hetwt'en pr<'ssnl'<' alld

concentration:

(2.21 )

(2.20)1kT 1 (P) (1') Bol k'l'I ( C )2" n Po = 110 - '"2 +. n 1_ C - lIiu/"·

The plot of the function

1 (
C) lIiuty(c) = n -- --,-,C

1- c kl

fol' dHrerent values of aiut/kT shows what happens when t.he strengt.h of I.he inter­

action increases, In figure 2.3 aint/kT is set ta zero. The chelllicai potential nlouo-

•

•

tonieally increases with concentration. When a;nl/kT = '1 (figure VI), t.he cllrve

is flat at c = 0.5. If aint/kT = 8 then y(c) Ims a negat.ive slope in t.he c = (Ui

region (figure 2.5). The significance of this faet is thal. tlte pl'essul'e-conceutration

relation (2.20) does not l'l'present equilibrium in this case. The actual e'luilihriulII

curve is found using Maxwell's construction [34] (the dotLed line iu figure Vi). The

physical meaning behind this so-called plateau is that at il givcn coucentrat.iou "n it.

becomes thermodynamically favorable to start fOl'miug regions of couceutration ",,,

with l'" +cp = 1, instead of continuing to increase the concentration hOlllogeueously.

The values of l'" and Cp are obtained l'rom the requirement of minimal l'l'cc energy

whieh leads to an l'quai area construction:

(2.22)
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Figure 2.6: Free energy (sehematie).

•

Equation (2.22) is equivalent to the common tangent rule familial' to physical metal­

Imgists. Figure 2.6 shows a schematic free energy curve where the dotted Hne is the

free energy of the mixture of two phases with concentrations Co and Cp.

Physically this phase separation has its origin in the effective interaction between

dissolved hydrogen atoms. It has been shown [1] that this interaction mostly stems

from the volume expansion caused by the interstitial atoms. Electronic effects also

play a l'ole whose importance vary from one system to another.

A high temperature will counteract the interaction and concentration will homoge­

neously increase with pressure. The critical temperature for equation (2.20) is given
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by

(see figure 2.4) and the critical concentration is Cc = 0.5.

I-Iaving discussed the effect of the H-II interaction on I.he 1''1l1ilibrilllll propl'l'l.it's

of metal-hydrogen systems we shaH tUl'll our aLLentioll to il.s ol'igiu.

2.3 Elastic interaction

A microscopic theory of the elastic interaction has bC<)n developed hy Il. Wagllel' ami

H. Homer in 1974 [92]. The approximations used are that hydl'Ogen-lIlel.al int.erac­

tions are described by a !inear potential ("Kanzaki forces" [46]) and t.he hal'lllollic

approximation fol' the elasticity of the metal laLLiee. We shaH review t.heir t.heOl·y in

this section.

2.3.1 Qualitative introduction

When an atom of hydrogen is dissolved in a metal lattice, it exert.s forces on t.he

neighbouring atoms. These forces are generaHy repulsive. If the latticc expands, t.he

potential energy of the hydrogen atom is decreased, while the e1astic energy of t.he

lattice is increased. The configuration of the hydrogen-metal system at e'luilibrilllll

results from the minimization of the sum of these two potentials.
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Figure ~.g: Left: illustration of a metal latLiee with oue hydrogen atom. Right: illustration of a
lIIetal lauiee with several hydrogen atoms. There is an overaU expansion in addition to the local
distortion around the hydrogen.

The c1astic energy of the lattice is generally described by a potential which is

proportional to the square of the displacement of the atoms. This is the so-called

harmonie apprOlrimation. There is no linear term in the elastie energy because the

pure lattice is in a state of mechanical equilibrium. When a hydrogen atom is in­

t.roduced in the latticc, the atomic positions of the pure lattice no longer represent

lIIechanieal equilibrium. The interaction between hydrogen ll.toms and metal atoms is

described in first approximation by a potential which is linear in terms of hydrogen­

Illetal interatomic distances. There will be of course higher order terms, but because

the interatomic potential is \ikely to be a weil behaved function and the hydrogen­

induced deformations are of the order of a few percents, a \inear potential is expected

\,0 describe weil the physies of metal-hydrogen systems. The resulting potential en­

ergy will of course be harmonic, since the metal-hydrogen solution has to follow a

harmonic potential near its equilibrium configuration (see figure 2.7).

'l'he deformation induced by a hydrogen atom has two very different contributions.

There is the deformation that would occur if the lattiee was infinite. It is essentially a

shear deformation. 'l'he presence of a free surface (the surface of the crystal), induces

lm expansion which is necessary to release the stress at the surface (see figure 2.8).

Mechanical equilibrium is reached only if the surface is stress-free. This deformation



is called the "image~ field [29J .

As a second hydrogen atom is introduced, it. finds it.sclf in an pn'-,'xpand,'d \aUil't,.

Since the hydrogen-metal pot.ential is - roughly - lin<'ar. t.h.' forCt' t.he hydrogt'n

exerts on the neighbouring atoms is constant. The s.'rond hydl'Og<'n l'anses an t'X­

pansion which is approximately t.he same as that of t.h<, tirsl hydrogen. 'l'II<' l'ot,'nt.ial

cnergy of this second atom, howcvcr, will be 10\\'<'1' t.han t.h<, pot.ent.ial ellt'rgy it. \\'ollid

have in the absence of the expausion caused by t.he first. at.om. A cons"'1n,'nl'e of t.his

is that the potential energy of a crystal with t\\'o hydrogen at.oms d"''I','as"s as t.hl'

t.wo hydrogens get c1oser, until short-range repulsion beromes import.anl..

The first-order dependence in concentration of the int.eraction t.<,\'IU in t.h" chl'nl­

ical potential (2.20) is easy to understand. The <'xpansion of a la\.l.iCt' ""lIs"d hy ail

homogeneous distribution of idcntical dilatation ccnters is pl'Oportional t.o t.ll<'ir nnnl­

ber. At the same time, because of the linear hydrogen-m<,tal pot.elltial ('nl'rgy, t.11<'

change in the energy of solution of a hydrogeu atom in the metal, t.hlls t.he change in

-:hemical potential of hydrogen in solution caused by the hydrogen already l'res<'nl., is

proportional to the expansion of the lattice. Therefore the variat.ion of I.he ch<'lllÏ<'al

potential with concentration has to be proportional to concentmtion it.self.

This is the physical origin of the effective e!astic interaet.ion hct.wl'en hydrogen

atoms in a metallattice. We now turn our attention to the mathenmtical descript.ion

of this interaction in arder ta obtain the necessary quantitat.ive expressions.

•

•
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2.3.2 Discrete model

The position of metal atoms is given by

(2.2'1 )

where U", is the l'est position in the pure host latticc and v'" is the displacement.

Similarly the position of hydrogen atoms is

z. = x. +Y•. ( ') ')Co))_._'

•
The total potential energy includes that of the host metal <1>(w), the hydrogen­

hydrogen interaction energy U(z), and the interaction energy between the hydrogen



iltoms ilnd th" lattice 'JI (w, z). '1'0 each hydrogen site corresponds an occupation

1111 III ber T'I"•
;1: METAI.-IIYDHOGEN SYSTEMS

Th" potcntial energy of the pure host is given by

1
<I>(w) = <I>(tt) + 2vm . <l>m" . v"

17

(2.26)

wher" the lincar term vanishes due to the requirement of Illcchanical cquilibrium

«I)m" = 0). 1

Assuming a two-body central potential between hydrogen atoms and metal atoms

Ij/(Z,W,T) = L!/J(lza - wml)Ta.
ma

(2.27)

Expanding in series with respect to the displacements V m and Ya and keeping only

~"roth and first order terms one obtains

•
where

Ij/(z, tu, T) = Ij/(x, tt, T) + 1T!m(;V, tt, T)' V m (2.28)

(2.29)

(2.30)

There is no term in y,,. because the force on eaeh hydrogen vanishes at rest (W a,,(.1:, tt) =

0). In the first term on the right side of equation (2.28), T is the only variable sinee

;r and tt are determined by the pure host lattice. We may write

W(x, tt, T) = W(T). (2.31 )

The hydrogen-hydrogen electronie interaction is replaeed by a hard-core repulsion:

1Grock indices designate coordinate axes. There is a summation over repeated indices unless specified

othcrwisc.•

with

1
U(x, T) = ? L UabTaTb = U(T),

- ab

Uab = 00 for IXa - xbl < R

= a for IXa - xbl > R

(2.32)

(2.33)

(2.34)
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Figure ~_lll: Odaltcdral si!.,' iu Il-,- palla­
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where Ris chosen to be representative of the c10sest distance hetwl'l'n hydrogcn at.OIllS

in the hydride phase being stndied. The metal-hydrogcn llallliitonian is now:

The displacement of metal atoms consists of an e1astic part dne t.u st.rains G\.lIscd hy

interstitia! hydrogen and a thermal vibration:•
1

fItot = <I> +2vm' c1J",,,' v" +U(T) + \II(T) +W",(T)' v",.

V m = Vcl,m + VlJib,fIl'

The reqnirement of time-averaged mechanical eqllilibrillll1 Voib,,,, = 0 leatls to

or

V.I,m(T) = Dm,,' W,,(T)

( ') '\")~.' ,}

(2.:l!i)

(2.:17)

(2.:18)

where Dm" is the inverse of the matrix c1Jm". The force that the hydrogell at.oms exerl,

on a metal atom is balanced by the elastic forces of the surrounding met.al atollls.

2.3.3 Continuum mode]

The elastic Hamiltonian

•
(2.:19)



•
2: METAI.-IIYDIIOGEN SYSTEMS

and the e,!nation

c1J mn ' V n = -Wmaï(J

1!l

(2.'10)

have a continuons versIOn. The reader shall find the conversion from discrete to

continnons variables in reference [!l2].

The e!a.,tic constants

(2.'11 )

in harmonic approximation and the strain field

(no snmlluttion over a) depends on the symmetry of the lattiee and pj is the partial

density of hydrogen on sites of type j. The index j designates the axis of symmetry

of t.he dilferent sites.

From the symmetry of the !attice and considering neighboring atoms only we find

•

are nsed together with the density of the force-di pole tensor

Il.,iJ(r) = L pj(r)p.,iJj
j

where

P.,iJj = L(x",., - Ua.,) W"'iJa
ni

(2.'12)

(2.43)

(2.44 )

(2.45)

(no sUIn over index j) for bcc tet.rahedral sites. For examp!e the site j = 2 (y-site)

shown in figure 2.!l will have Pli = pl, P22 = P, and P33 = P' with ail the ot.her

components equal to zero. In the case of fcc octahedral sites (figure 2.10) P = P' and

•

III the continuum mode! (2.39) becomes

Hela.tic = ~Jf"iJ(r)C.,{J~"f/,"(r)d3r +Jrr.,{J(r)f.,{J(r)d3r

while (2.40) is turned into

(2.46)

(2.47)

(2.48)
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Figure 2.11: Left: illustration of a coherent int.erface. IUght: i!lust.rat,ion of an ÏtH'oht'rt'nt. illt.t'ri':u'I',

inside the crystal. We also have the following bouudary conditiou on t.he surface:

(:lA!))

(n(r) is a unit vector pointing outward).

The density of the force-dipole tensor is the stress caused by the hy<1rogen dis­

solved. It has the uuits of pressure. The force-di pole itsclf (l~'/j) is the induced stress

pel' unit of hydrogen density. The right-hand tenllS of (2.117) are the e1astic energy

of the pme lattice and the decrease in hydrogen-metal potential energy eltused hy

the relaxation (expansion) of the lat,tice. Equations (2.48) and (2.4!J) are t,he usual

equations of mechanical equilibrium of elasticity theOl'y in the presence of the stress

ll"p(r). Equations (2.47), (2.48), and (2.49) are valid in the absence of extemal forces.

2.3.4 Collerency

An important question that arise when discussing mctal-hydrogen systems is how the

expansion of the lattice can be accommodated. The expansion caused by the hydrogen

atoms creates stress that can exceed the elastic limit of the material. Plastic work

is done during the formation and decomposition of hydrides. This plastic work will

cause the hysteresis found in pressure-composition isotherms.

Figure 2.11 shows the difference between a coherent interface between the pure



Il,,,ta! alld the hydride phase and an incoherent interface. In the incoherent crystal,

the strain field sllffers a discontinllily at the interface betwccn the two phases. Wagner

and Horner [!J2] have discnssed in detail coherent density modes (hydrogen density

variations which do nol create incoherent interfaces). Howe"er these modes are only

fOllnd in samples prepared in special conditions [lOl, 102]. Samples can generaIiy be

considered incoherent; the stress is released by creating dislocations and cracks. In the

case of polycrystaIiine samples where an eqllilibrilllTl bctween crystaliites with differ­

l'nt. hydrogen concentrations shollid involve mllch less interfacial energy than dellsity

Illodes illside a crystal, the absence of coherency stresses is even more expected.

•
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?3"_. .iJ Lattice expansion

In light. of these facts the stress tensor

(2.50)

(2.52)

(2.53)

•
(sel' eqnation (2.'17)) is set to zero, therefol'e

(2.51 )

01'

c,,,.(r) = -S,lVa/lIla/l(r)

= -S,"'a/lI: pj{r)Pa/lj'
j

The components S,,,,a/l are the e1astic moduli

1
S,lVa/lCa/l•.1 = 2(o".Ov.1 +O".IOv.) (2.54)

and pj(r) the partial density of j sites. Equation (2.53) can be used to calculate the

components of the force-dipole tensor from experimental values of the lattice paralll­

clers and hydrogen densities. For example the volume expansion of cubic crystals

with constant hydrogen density is:

•

f::,. \1 = f",. \1

= -S",.a/lI: [NjPa/ljl
j

= -S""a/l I: Nj [P'Oa/l + (P - P')oajO/lj]
j

= -S,,"aaP'N - (P- P')I:S""jjNj,
j

(2.55)

(2.56)

(2.57)

(2.58)



where Nj is the Humber of hydrog,'u atoms on .i sites aud N is tlll' tot al nUluhl'r of

hydrogen atoms dissolved. S",,,,,, = l,' is the eOlnlll'l'ssihility of 1hl' l'nn' lltl'lal ilnd

S'""jj = l\ia (with no sum O\','r j) for t'uhir ('l'ystak We Iinally oh\.ain•
2: rdETAL-IIYDI10GEN SYSTE~IS .).)

2.3.6 Elélstic ellergy

Equation (2.51) can be used to simplify (2.'1i):

(2.1ill)

(2.1il)

(" l"»)_. )-

•
Using (2.52):

(2.li:1)

= - ~ ! L pj(r) [P'oo{l + (1' - p')o"j{lj] S"II,,,, L Pi (r) [p'o,,,. + (l' - l" )8"".. 1.1:11'
J ,

(2.IH)

= -~ !2;.pj(r)p;(r) [1"28001", +1"(1' - [>')(8",,;; +S'jil"') + (l' - 1)'f8J.,,,jd'."
JI

(') l'·).... ).,

ln the case where pj(r) = 1'/3, equation (2.65) s:mply becomes:

(2.(;(i)

Taking Hela• lic into account in calculating the chemical potential of tlte ltydrog('l1­

metal solution wc introducc a correction

•
[
P+2P']2 KN

[:,.[.lda,';c = - 3 V

= _ [1'+21"]2 [( Nll e
3 VM NI.

( '1 ('-)_.lI

(ViS)

(2Ji!l )
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(2. iD)[
l' +21"] ~ I{ Nil

llint,drutic = '1 -~.
. lJM '''1.

IVI",I''' /lM is t.1", sp"cific voluJJ1c of t.hc mct.al, NI. is uumber of metal at.oms. aud Nil

is t.h" UIlUlb"l' of hydrogeu st.orage siles. lu t.el'llIS of equaliou (2.20) lhis t.raus!ates

il: lo•
? 3 ~-.. / Villidi ty of tllc Witgncr-Homcr tllcoZT

•

Th" t.heory described above has bccn t.ried in lhe calculat.ion of the Nb-li phase di­

agram ['12J. The results are surprisingly good: the calculated critical temperature

falls bet.wceu the values measured by different investigators. The critical concentra­

t.ion however is not as close 1.0 experimental values (0.1 hydrogen atom/meta! atom

iustead of the experimental values centered around 0.3). These results support the

hypothesis that clastic forces are responsible for the phase separation in metal hy­

,h·ides. A more precise treatment of short-range I-l-li interactions is needed in order

1.0 oht.ain better agreement with experimental data. In particular, the use of a hard­

c"re repulsion is expected 1.0 introduce large errors. This them'y will be used iu the

anaIysis of om experimeuts on nanocrystalline Fe-Ti.

2.4 H'ydrogen in amorpllOus allo'ys

•

lIydrogeu is absorbed not only in crystalline materials but also in amorphous al­

IOY5 [1 OH]. The most important difference betwcen the two is that no phase sepa­

mtiou bctween low and high density regions has yet been found in any amorphous

hydride. This is shown by the absence of a plateau in pressure-composition isotherms

of t.hese matel'Ïals. The isotherms of crysta11ine and amorphous NisoZrso arc shown in

figme 2.12. St.ructura! disorder has an effect similar t.o t.herma! disorder in prevent­

ing phase separation. High temperaturœ inhibit phase separation when the thermal

motion of hydrogen atoms is such that they cannot stay confined in condensed hy­

,\t'ide regions. In the case of amorpholls a11oys, the energy difference between the

dilferent sites is so high that hydrogen atoms go into deep storage sites which arc

homogencously dispersed in the amorphous matrix and therefore can only form ho­

mogeneons phases. While in crysta11ine materials the pressure-composition isotherm

is the result of a balance betwcen configurationa! entropy and the effective li-li in-
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Figure 2.12: Prcssure--conccntration isothcrms of crystalliue and t\morphous Nir.nÏlrslI (tnkl'II fWIlI
[4]).

•
t.m·action, in amorphons alloys the spread in energy of the dilfcrent. st.orages sit.,·s is

nsually much larger than kT and the isotherm l'Oughly corresponds t.o the int.cl'lla\

energy. Though there is no theoretical reason 1.0 prevent an amorphons mat.crial

from exhibiting phase sepal'ation, none has bccn found with such il bdmvior. The

structural disorder is probably 1.00 important in any amorphous itlloy 1.0 allow phase

separation. Recent experiments have shown that the plitteau can l'ven be snppressed

in un-relaxed nanocrystalline FeT) [108].

The storage sites can no longer be described by weil derined energies itnd a simp\<'

concentration
1

c = -'L- Nj. (2.71)
Nil j

There is now an energy distribution D(E) (number of sites pel' energy nnit.) itnd it

partial concentration x( E), the proportion of occupied si tes of energy B. The t.ot.al

number of sites is

J
+OO

Nil = -00 D(E)dE (2.72)

and the total concentration

•
1 J+oo

C = -N D(E)J(E)dE.
11 "00

(2.7:1)
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The partial concentration is given by the Fermi-Dirac distribution:

;c( E) = (/" )~kT •
c ,-" + 1

The "hemical potential is obtained from the integral (2.ï3).

If we consider a square distribution

25

D(E) = Nil
2t.

=0

for - t. < E - Eo < t.

otherwise,

(2.ï5 )

We lind
kT [e-(EO-ll.-"){kT +1]

c- -ln- 2t. e-(Eo+ll. ,,){kT +1 . (2.76)

•

Isolating Il in (2.76) yic1ds

[

e211.c{kT _ 1 ]
JI = Eo - t. + kT ln 1_ e211.(c-1){kT •

If wc include an interaction term the chemical potential becomes

[

e211.c{kT _ 1 ]
JI = Eo - t. - ain'C+ kTln 1- e211.(c-l){kT •

A positive critieal temperature is found if

(2.77)

(2.78)

(2.ï9)

•

The details of the ealeulations are found in the work by Griessen [40]. More generally,

for symmetric distributions with a single peak at Eo, the criterion for having a plateau

is
1

ain' > D(Eol" (2.80)

Amorphous alloys are, of course, more complex. They can be modeled in the fol­

lowing way [41, 18]. Il is assumed that storage sites are tetrahedra!. In binary alloys

this means that five types of site are found: A"B.1_" with x = 0, 1,2,3,4. The justi­

fication for using tetrahedral sites comes from scattering experiments [81, 45] which

provide evidence that hydrogen atoms stored in amorphous alloys are surrounded by

four nearest-neighbours. The energy of a site is expected to vary as a function of x.

The energy distribution is modeled as a sum of Gaussians centered around each site



energy Er. The distribution can be determined hy pl'rfonlling prl'cisl' UH'aSUI'l'nlt'nts

of the concentration as a function of chemical potl'ntial. This is usual1y donl' hy ,'I,·c­

trochemical charging of electrodes made' of the nml<'rial studil'd [.llj. Expl'riuH'nts

seem 1,0 support the model [IŒl].

•
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•

•

2.5 Propel'ties of l'eal metal-llydl'ogcn systems

Materials studied in the laboratory differ fl'OlI1 the idl'al bl'havior dl'scrihl'd in tilt'

preceding sections. The first dilference encountered is the inflllence of tilt' smfan'.

The surface of metals is generally oxidized. This oxide layer is ail l'Ifl'ctiw h'lITi"r

against the movement of hydrogen atoms [74]. An initial activation trl'atnll'nt, con­

sisting of repeated exposure 1,0 high temperatures and hydrogen prcssml'S, is gl'n,'ral1y

required, especially in the case of hydrides of intenlletallic compollnds [7:11. Dilfel'ellt

mechanisms have been observed to operate during activation. 111 olle of thl'm, tl\<'

rather uniform oxide layer breaks into more stable oxide clusters, leaving some of th"

surface free for hydrogen diffusion.

During the activation procedure, the hydride phase is forllled, partially al, lirst.,

completelyat the end of the procedure. The initial hydride formation l'alises extensil'c

cracking and decrepitation of the materia1. This is presllll1ably dne to the large voillme

expansion (~10%) induced by the interstitial hydrogen dlll'ing the fOl'llmtioll of the

hydride phase. Amorphous alloys, in which the hydrogen concentration is always

homogeneous, also expand but do not decl'Cpitate.

Another non-equilibrium feature that remains even in fully activated samples is

hysteresis. The growth of the hydride phase inside the metallic phase involves interfa­

cial stress and, as a consequence, plastic work. Hysteresis causes formation pressmes

1,0 be higher than decomposition pressures. This elfect is detrimental to practical

applications.

Some researehers tend 1,0 consider decomposition isotherms as those representing

equilibrium. However theoretical [32, 33] and experimental [87J evidence snggests

that equilibrium lies halfway, in terms of chemical potential, between formation and

decomposition isotherms.
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Figure 2.13: FeTi.

The work donc during a complete hysteresis cycle is given by:

·r-,

(2.81 )

•

•

IV = NI.(ciJ - co)~kTln (~:).

The extent of hysteresis widely varies. In the case of Nb-H, it is 3.7kJ/mol H [53].

2.6 lron-titanium

2.6.1 Tlw iron-titanium binaIT system

The Fe(Z=26)-Ti(Z=22) binary system has two stable compounds: FeTi and Fe2Ti.

Fe2Ti has the MgZn2-type Laves structure (spacc group P63 /mmc) while FeTi has a

simple cubic (Pm3m) structure (figure 2.13) where iron is located at the corners of

the unit ccli and titanium is at the center (or vice versa). The phase diagram [95]

(figure 2.14) also reveals an extended bcc solid solution ,6-Ti at relatively high tem­

l'l'ratures (>850K).

The free energies of the different phases in the Fe-Ti system and the phase dia­

gram have been calculated using the CALPHAD method [97, 95] (figure 2.15). The

CALPHAD method is basically a fit of the available thermodynamic data conccrn­

ing a particular intermetallic system to a function which describes the free energy.

This function contains terms involving the concentration of each element and the

t,eml'erature. Certain assumptions are made as to which terms are to be included,

depending on the particular system and the conclusions which l'an be made from the

t,hermodynamic data. Once a best fit is obtained for the coefficients of these terms,

one l'an calculate the free energies of the various phases for different compositions and
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Figure 2.14: Phase diagram of Fc-Ti [95]. The stars arc cxperimcntal points and t.he Iin!'s "'"
calculated by the CALPHAD met.hod.

temperatures, and establish a phase diagram. The CALPlIAD Illct.hod is dcserih"d

in more detai! in chapter 4. Of particular interest is thc frcc cnergy of thc alllorpholls

phase which exhibits a phase separation. These free energy Clll'Ves shall pl'Ove IIs"fll\

in the analysis of the bail milling process applied 1.0 iroll-titaniulll.

2.6.2 Hydrogen storage in Fe-Ti

Reilly and Wiswall [70] discovered in 1974 the remarkable hydrogell storage propmties

of iron-titanium. The compound Fe2Ti does not absorb hydrogen. 011 the ot.her lland

FeTi does absorb hydrogen in large amounts, up 1.0 approximately Olle hydrogell at.olll

pel' metal atom.

Samples have 1.0 be prepared carefully. Iron and titanium form very stable oxides,

samples must therefore be kept in an inert atmosphere or IInder vacuum. They

must also be subjected 1.0 an activation procedure in order 1.0 absorb hydrogen. The

activation cycle used by Reilly and Wiswall consists of an exposure to a modemt.e

hydrogen pressure (~7 atmospheres) al. 400·C for 30 minutes followed by coolillg in
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Figure 2.15: l'ree energies of Fc-Ti phases at 300·C [95].

vacuum after which a high pressure (~65 atmospheres) of hydrogen is applied to the

sampie. This cycle has to be repeated in order to have a reproducible absorption of

the maximum amount of hydrogen. Exposure to air of a previously activated sampie

renders it inactive. The chemical reactions involved in the activation process are the

subject of intense research activity [74, 89].

The pressure-composition isotherm of polycrystalline FeTi-Ii is shown in figure 2.16

for a temperature of 40°C. There is an initial solubility in FeTi. This solid solution

is called the cr phase. At around 15 atmospheres there is a plateau indicating the

formation of a new phase ({3 phase) of approximate composition FeTiH. Further

increase of the pressure leads to the formation of the ï phase with approximately one

hydrogell atom pel' metal atom. The isotherm exhibits a typical hysteresis. Iiowever

the fact that the absorption plateau extends to a much higher composition than the

desorption plateau is unusuaJ. lt has becn found that two phases exist in this range of

composition: the ,Bl-FeTiIio.94 phase formed by desorption and ,B2-FeTiHI.4o formed

during absorption [72]. Theil' structures are similar, only the occupation of Ii sites
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Figure 2.16: Pressurc-composilion isotherm of FeTi-lI at "O'C (taken l'roll\ riO]).

and their lattice parametGrs diffcr. A curious dip is found in thc desol'ption Clll'Vl'.

More work remains to be done fol' a satisfactory cxplanation of this phenomenon.

The phase diagram of the FeTi-H systcm is given below (figlll'e 2.l7).

2.6.3 Structure of iron-titanium lIydricIes

Because hydrogen scatters X-rays very weakly, this mcthod of diffraction giVCH only

lattice parameters, so that atomic positions must be dctermincd using ncutl'On diffmc­

tion. Structural studies were performed on deuterides bccausc thc scattcring Icngth

of deuterium is diffcrent fl'Om both iron and titaninm, making thc mcasurcmcnlmol'e

sensitive to the position of deutcrium compared to hydrogen, in addition lhcre is no

significant inelastic scattering for deuterons. Il was found howcvcr lhal hydrides and

deuterides of iron-titanium are iso-structural [69J. The lattice paramcters and phase

compositions obtained from X-ray expcriments [69J (see tablc 2.1) will be used in

conjunction with atomic positions given by neutron diffraction.

Deuterium occupies octahedral sites with two iron atoms as neal'cst-neighbors. In
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Figure 2.17: Phose diagram of FeTi-H (taken from [70]).

the cr phase these sites are occupied randomly [85] (see figure 2.18 and table 2.2). In

the {11 phase occupied sites form dJains and the cubic symmetry is lost. Figure 2.19

shows the new orthorhombic structure [84, 30, 91]. The lattice parameter c corre­

sponds to that of the initial cr cell but is expanded. The distorted initial cr cell is

also shown. A second set of sites (0.5,0.25,0.25) is present. Few of these H2 sites are

occupied -12%-, while 88% of the Hl sites are. The f32 phase has the same crystal

structure but the occupancy of Hl and H2 sites becomes 0.92 and 0.45 respectively.

The transformation to the "Y phase involves further loss of symmetry. Sites with two

titanium atoms as nearest-neighbors are also occupied (see table 2.4 and figure 2.20).

Thcse H4 sites have an occupancy of 85%. They form a network of octahedra with

the (2Fe,4Ti) sites [86].
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Table ~.l: Structure of FeTi h)'drid,·".

phase spacc group \at.tÏl"e paralllder" A
a-FeTiHo.06 Pm3m a=2.!)ï!)2

I3I-FeTiHo.9'\ a=2.n5·1

p'J')') 11=4.5:18---1

c=4.:lS\

,62-FeTiH 1.-10 a=:l.On,1

P2221 11='1.51 :l

c=4.:lfll

[-FeTi 1-1 1.90 P2/m a=4.71:1

11=2.S:14

c=4.71:l

{j=!)7.\ 0

:t!
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Table 2.~: Atomic positions in n-FcTiIIo.oG .

site x y z

Ti 0 0 0

Fe 0.5 0.5 0.5

Il (1 0 0.5

Figure 2.18: o-FeTiHo.oo.
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y
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si te x y z

Ti 0.5 0.25 0.75

Fe 0 0.211 0.25

Hl 0 0.5 0

H2 0.5 0.25 0.25

:1·1

•
•

Lr:\.,
y

z

•
Figure 2.19: t3.-FeTiHo.94 in the y-z plane (large ccli: unit ccli, smail ccli: FcTi di.torted cell, Ti
atoms and H2 sites arc above the plane of the papcr).
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Table 2."1: Alomic positions in .,.-FcTilll. flu .

site x y z

Ti 0.294 0.5 0.229

Fe 0.203 0 0.i21

Hl 0 0 0

112 0.5 0 0

113 0.5 0 0.5

114 0 0.5 0.5

Fignre 2.20: ,.-FeTiHI.9o in the x-z plane (large cell: nnit cell, small cell: FeTi distorted cell, Ti
III,oms and H4 sites lire above the plane of the paper).
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N ANOPHASE MATERIALS

3.1 Overview

The generally accepted definition of nanophase materials is that tlll' tlomaill siz,' lIf

structnres (crystals, compositional modnlations) is of the ord<'r of a 1"'\1' lIalllllll"­

ters (10-" metel-). The interfaces bet\l'œn thesc dOllmins IH'come a COmpOIIl'lIt as

important as the domains themsclves in these matcrials.

The present interest in nanophase materials follo\l's the \l'ork by Il. Gh'it.,'r [!ll"ll

grain bonndaries and his suggestion to make pOIYCl'ystallilll' materials lVit.h very smal\

crystals, the increased volume fraction of atoms loeated at 01' near gmin bOllndal'i,'s

being expected to l'l'ovide larger signaIs in experiments on I,bese materials, lil!' exalll­

l'le, a stronger X-ray background l'rom grain boundaries in diffmdion l'xperilllent.s,

or a more easily observed heat release in DSe SCaIIS dlll'ing l,he relaxation of t.h,'s,'

boundaries.

The initial motivation of studying the structnre of grain bonndaries has lal'/-I,'ly

given lVay to the technological potential orfered by the novel pl'Operties of t.hese 1I1il­

terials. Diffusion can be greatly enhanced by the reduction of the crystallite sizc [/1:ll.

Mechanical properties arc improved in certain cases [47J.

From the point of vielV of materials science the thermodynarnic pl'Operties of

nanophase materials arc espedally interesting with regard to the changes ill t.he sla­

bility of phases when synthesized in nanocrystalline form. Phases existing lIol'llml\y

at high temperature or high pressure l'an exist at ambient conditions in the lIl\llOCl'YS­

talline form [82J.

A very interesting example of a change in stability is the dependence of the mdting

temperature of metais on crystallite size [13, 14J. For example the mclting tempera-

36
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Figure :1.1: Schematic graph of the radial distribution function 9(r) for the three states of matter
as a funcLion of interatomic distance (in uuits of the atomic radius f'O)'

turc of gold c1ustcrs of radius 1 nm is only lJalf of thc mclting tcmpcraturc of bulk

gold [141. '1'0 this clrcct invcstigators arc studying thc diffcrcnces in atomic vibrations

hctwccn coarsc-graincd polycrystallinc mctals and nanocrystal\inc metals [100, 78].

This cOllld bc vcry important in nanocrystal\inc mctal hydrides since a large changc

in critical tcmpcraturc Illay climinatc the plateau in thc tcmpcraturc l'ange which

may bc uscful fol' applications.

3.2 Grain boundaries

As mcntioncd abovc, thc important dilrcrence betwcen nanocrystal\inc matcrials and

coarsc-graincd polycrystal\inc matcrials is thc prcsence of a largc numbcr of grain

bOllndarics.

ln carly work [9] it \Vas claimed that while individual grain boundaries can exhibit

pcriodicity, thc cnscmblc of grain boundaries in a matcria1 may lack any sort of long­

rangc or even short-range ordcr [9]. Because interatolllic distances in a crystal are

dctcrlllincd for ail distances up to infinity (long-l'ange order), their radial distribution
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fuuction consists of sharp peaks (delt.a functious iu idl'al <Ty~t.als). lu liqui<!~ au,\

amorphous alloys, intl'ratomic distauces arc found around hl'oad maxima al ~hol'l

distances, aud become fiat at large distauCt'~; t.h,'y al'l' ~aid t.o ,'xhibilonly ~hol'l-I'aup;.,

order. lu the case ùf gases, t.hel'e is ueitlll'r short.-raug<' UOI' loup;-ranp;l' ord.'1' 'lIId t.11t'

radial distribution function is fiat, except fol' di~tance~ ~malll'I' t.hau lhl' alomie l'adiu~,

for which it is zero (sel' figure 3.1). The en~emble of graiu houn<!al'i.·~ would hav.'

had the same kind of disorr'.er as agas aud a similal' radial di~tl';hution fuuct.ion. wilh

intel'atomic distances and coordination between nearest-m'Ip;hbolll'~ a~~uming il widl'

variety of values.

The atoms located at grain boundaries arc not. neces~al'i1y lontl.cd al. po~it.ion~

which correspond to the lattice of both adjacent crystals. This muscs a displac"llIl'nt.

of atoms located several atomic layers inside cryst.als [:17]. Thes" ~l.rain~, whill' uninl­

portant in coarse-grained m<lterials, arc bouml ta affeet. the sl,1'IIet.ural and t.hel'lllody­

namic properties of materials as t.he crystallite size is reduced t.o a fcw IHwonlders,

therefore a few lattice spacings.

Grain boundaries ale also expected to have an crfect on the diffusion of dll'nliml

species because of t.he larger free volume inside grain boundal'Îcs. Miit.:;d...le and

Kirchheim [63] have found hydrogen diffusion to be faster in nanocrystalline palladiulll

at. certai•• c~ncentrations than in single cryst.als. The diffusional flo\V of at.ollls at.

grain boundaries is thought ta be responsible for the 10\V temperatlll'e duct.ilit.y of

nanocrystalline ceramÎcs [47].

3.3 Hydrogen in nanophase materials

Two serir~ of studies have been donc on nanocrystalline palladiulll. One hy Mütschele

and Kirchheim [63, 62] and another by Eastman et al. [23, 25].

Mütschele and Kirchheim have performed diffusion measurements as \Vell as isot.her­

mal equilibrium curves by eleetrochemicallnethods on Pd samples \Vith a crystallite

size of 5nm. Here there is a relation bet\Veen the chemical potential and the ccII volt­

age instead of the logarithm of the hydrogen pressure. Starting at 7,ero concentration

of hydrogen, the diffusion coefficient of nanocrystalline palladium is "maller than that

of palladium single crystals. The diffusion coefficient increases \Vith hydrogen coneen-



I.raticJII and becomes larger than the coefficient for single crystals at a concentration

11/l'cbO.OO:l. The diffusion coefficient l'caches a maximum at H/Pd~0.G3,after which

the cliffusivity st.arts decreasing with increasing concentration.

III a second article [62J Mütschcle and Kirchheim have determined pressure-composi­

t.ion isotherms using the same clectrochemical charging method. They found a misci­

bility gap at. t.he same voltage for bot.h lIanocrystalline (~10nlll) and coarse-grained

samples. The plateau however is narrower in the case of t.he nanocryst.alline sampie.

The maximum hydrogen solubilit.y in t.he alpha phase is Cu = 0.03 and the minimum

hydrogen content. of t.he beta phase is CfJ = 0.44 compared to Cu = 0.015 and Cf! = 0.58

for the coarse-grained sampie. Miit.schcle and Kirchheim interpreted this difference

by assllllling that t.he grain-boundary regions, which would have a thickness of 0.7 to

!.Inlll, do not fonn the I3-Pd-H phase.

.J .1\. East.man and ot.her investigators have drawn other conclusions. In a transmis­

sion elcctron microscopy study (TEM) of nanocrystalline palladium [83J they conclude

t.hat. grain boundaries of palladium are highly ordered and that the region showing

large displaccment.s from ideal laUice positions does not exceed O.4nm. This st.udy

was followed by a precise analysis of the diffuse background intensity from X-ray

diffraction by nanocryst.alline and coarse-grained palladium [31J. They found t.hat

t.he backgl"Ound intensity is the same for both materials and concluded that nanocrys­

t.alline palladium did not have a large volume of a highly disordered grain bouD'lary

phase. They pl"Oposed that t.he increased background intensity between Bragg peaks

l'C)port.ed in lmnocryst.alline a-Fe [110] was in faet the intensity from the tails of the

ucighbouring peaks, dismissing the possibilit.y of large relaxation effects near grain

boundarles. They also measured pressure-composition isotherms on nanocrystalline

palladium [23, 25]. They used an indirect method, the lattice expansion determined

from X-ray diffraction, to obtain the hydl"Ogen concentration. However, the X-ray

diffraction data obtained during hydrogen charging was useful in following the trans­

format.ion from the a to the f3 phase. They argue that these two latest studies support

t,heir previous conclusions that there is no extra solubility at highly disordered grain

boundary regions and that the narrowing of the miscibility gap also observed by

Miit.schele and Kirchheim [62] is due to a change of the free energy of solution in the
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bulk of the lattire with decreasing cr)'stallite sizc. Thc)' point to atolllil' displan'llIl'nts

of thermal or statir:' origin to cxplain thc modificatiou iu stora!,:l' [",havior.

1\'\onte Carlo silllulatious havc also bl'cn dOIll' ou nanoull'tl'r-sizl'd dust"I'S of pal­

ladiulll using embedded atom method potentials [!H]. 'l'hl' rl'sults indieatl' Ihat hy­

,h'ogen is stored at the surface first, then iuside the IliUlo'T)'stals. NatlOrryst,alliul'

palladium is evidently different l'rom isolated nanorr)'stals but this information IS

still interesting given that there is "l'cess l'rel' volullle in grain boundaril's.

A recent study [79J of vibrational modes of hydrogen in nauorryst,aHinl' palladium

by ine1astic neutron-scattering experiments reveals t.wo t.ypes of storag" sitl's: iut.l'I'­

facial sites and lattice sites similar to those fOtu,d in coarse-grained palladiulll. The

authors propose that the results of Eastman et al. l'an be explained by the long-ran!,:c'

strains induced by the hydrogen stored at grain boundary sites, whieh l'an l'aUSl' au

expansion of the lattice without the presence of hydrogen in the bulk of t.he lIanol'I'Ys­

taIs. They also point out th'.t these interfacial sites, with dirrerent potelltial enl'rgil's

and vibrational properties, may still be located at crystallographic lat.t.iCl' positions.

Although our experiments involves iron-titanium only, we intend ta exl,rapoia.l.e

l'rom our analysis of the Fe-Ti system to understand some aspects of t.he lHu\ophase

Pd-I-I system.

•
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BALL MILLING

4.1 HistOl:Y of ball milling

Since their initial discovcry by Duwcz ct al. [44] in 1960, meta.llic glasses have been

lIIostly synthesizcd by rapid quenching from the melt, usually by the technique known

as IIlclt spinning. The quenching process imposes a limit on the size of the samples

!>ccause of the cooling rate requirements. Today it is possible to manufacture wide

sheet.s of amorphous metallic alloys, howcver thickness is limited to the order of 10

lIlicl'Ons 01' less. Amorphous metallic alloys have also been prepared by thin film

deposition at low temperature sincc as early as 1954 [12]. An alternative process,

called lIlechanical alloying, is now widely used in laboratories to make these new

alloys and olfers the prospect of manufacturing amorphous alloys in bulk form.

Medmnical alloying is a proccss in which an alloy is formed by direct reaction in the

solid state between elemental components, which are subjected to intense mechanical

deforlllation. The apparatus usually consists of a container placed in a rotating (e.g.

at.t.ritor, planetary balllllill) or vibrating frame (shaker mill). Inside the container is

placed a ccrtain number of balls made of hard steel or tungsten carbide and material

to be alloycd, called the charge. Non metallic ball mills (e.g. agate) also exist but

arc usually only used fol' mixing, not for alloying. In the pre.ent work wc have used

only Illetallic Illilling tools.

Wc lIlay define high energy ball milling as a ballmilling process in which the energy

transfcr to the charge is such that it provokes structural modifications at the atomic

level. II'. a 8:'EX mill the cnergy of collisions between balls is around 0.01 J. A few

collisions reach 0.1 J [19].

ln the past mechanical alloying by ball milling has been extensively used to producc
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dispersion strengthencd alloys [aG]. In thcse alloys a small quantily of oxides an'

dispcrsed in a mctallic mat.rix. Following the work of Y,'rmakll\' l'I a\. on Y-('n aud

Gd-Co [99,98] which was not widely known, an art.icle hy l,orh l'l a\. [;)~] puhlished iu

1!183 al.tracted the attention of matl'rials srientists to l.he possihilily that. aUHlrphous

alloys could bc synthesized by bail milling. After a liu.lt' more thau III homs nf milliug

in a SPEX 8000 mixer/mill they obtainl'd amorphous Ni(iONh,\(), as St'l'n hy :\-ra~'

diffraction, from a mixture of pure clements. Srhwarz and l,orh [ii] sUhSt'qu"ully

produced amorphous alloys in the Ni-Ti system.

These results were since confirmed by many other groups and at. the timl' of writing

many different amorphous alloys have been produced by t.his t.erhnique. Compari­

son between amorphous alloys produced by bail milling and mpid qut'nrhing [illi

shows only minor differences in some physical propcrtics and it. is ohser",',1 t.hat. hot.h

processes lead to the same atomic structUl'e.
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4.2 Tl1e process of ball milling.

The mechanics of bail milling have been first described by Benjamin and Volin [i1. It.

invoIves repeated fracture and cold wclding. As far as ductile c1ement.s arc conCt'l'IIed,

repeated fracture and cold wclding of partieles lead to t.he formation of a layered

structure made from the two starting clements (iu the case wherc wc st.art. wil,h t,wo

elemental powders) as shown by scanning clectron microscopy. It is helieved t.hal. a

solid state amorphization reaction is taking place at tl;e interfaces, similar t.o t.he one

described by Schwarz et a\. [76] for Au-La ll1ultilayers. The layered st. ructure present

in bail milled powder partieles provides e1ean interfaces for a diffusive readion between

the two elements. Continuous hOll1ogenization of the powder leads to a complete

reaction.

When we start with an intermetallic compound instead of c1emenlal component.s

to form an amorphous alloy the mechanisll1 must be very differenl. Obvionsly, in Ihis

last situation, there is no such thing as a layered structure inside powder partieles.

The process can also be very different when brittle materials arc considered, again

non ductile materials cannot form layered structures.
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4.3 Amol'phization by ball milling.

There are two generally accepted conditions t.o t.he format.ion of an amorphous binary

alloy st.arting from pure clements [7G]:

1) One of the clements must be a fast diffuser in the other clement

:,!) The heat of mixing in the arnorphous alloy must be large and negative.

The diffusiou of one e1ement into the other occurs at the interfaces formed be­

t.w""n t.he two components. The system is driven by the negative heat of mixing

iIIto a state of lower energy (the metastable amorphous state) while the transforma­

t.ioll into a more stable crystalline state is kinetically suppressed, either because the

temperature does not rise above that of the glass transition or because the material

cools t.oo rapidly after each impact for crystallization to take place. The fast diffu­

sion (~ 1O-ll cm2/s at ~ 400I<) of one element into the other allows the solid state

1Unorphization reaction to take place below the glass transition.

The amorphization of intermetallic compounds occurs when a sufficient amount

of ddects increases the free energy of the system above that of the amorphous alloy.

The system then \owers its free energy by transforming into the amorphous state.

It must be noted that not ail intermetallic compounds can be amorphized by bail

milling and that the result of these experiments may strongly depend upon particular

parameters related to the equipment used. The inverse reaction is possible, some

amorphous alloys become crystalline when submitted to bail milling [90].

4.4 An analysis of the physics of ball milling.

III the early days of amorphization by bail milling there was no quantitative under­

st.anding of the physica\ processes occurring. Such problems as the movement of the

balls, the amount of powder crushed during collisions, the distribution of angles of

collision, and the transfer of energy during collisions, for example, still had to be

addressed. Recently, however, a model has been put forward by Maurice and Court­

ney [GOJ. They use an impact theory due to Hertz [56]. They assume that bail on bail

and bail on wall collisions (without powder) are e1astic (the compression energy is

restored after impact). They then suppose that the powder between colliding surfaces

does not substalltially alter the collisions. Calculations show that for a SPEX mill



the amount of energy transfered ta the l'0wder is of the ord,'r of a few 1"'IT"nt of th,'

energy of compression. The mode! has not yet b"en al'l'lied to the nlllIPrstandinp;

of a l'articulaI' alloy but gives some suggestion abont tll<' t,'mperatnn's enconnlPn'd

during ball milling as we shall sec in the next seclion.
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4.5 The question of temperatu1'C.

A very important question yct to be resolved in any analysis of hall millinp; is a l'n'cise

evaluation of the temperatures the powders are subjecl<'d to dminp; tlll' pron'ss. 'l'wo

temperatures have ta be considered: the average ambient templ'ratm,' in thl' vial and

the maximum temperature during collisions.

The ambient temperature is slightly higher than room temperal,ml' (a l'ad. l'asily

observed by measuring the container's temperature) but this has \iule impact on t.!ll'

process. The more important value is the maximum temperatnre during t.!1<' colli­

sions. In their article, Maurice and Courtney showed that in a SPEX mill, POWdl'l'

grains had enough time to cool to ambient tempemtme betwl'l'n the collisions. They

give temperature rises for several materials and mill configurations. Values arc gen­

erally below 200K; however we should be cautious. Miller et al. [6 I] detcnnined thal,

crystalline so\ids submitted to a rapid deformation show local tempemtme rises l'al'

greater than those one would get assuming that the heat is distributed over all the

material. Davis et al. [19], using a computer model, found that \,emperature rises Illld

to be not more than 350K They also pel'formed an experiment in whieh they moni­

tored the martensitie transformation in a certain type of steel. They eoncluded that

no transformations involving temperature rises higher than :lOOK oeelll'I'ed. lIowcver,

ball milling is very different from a thermal proeess and usually structural trans­

formations can not be explained as being caused solely by heating, a fact that ha.~

been clearly demonstrated recently [90]. In the case of AlNi, an explosive reaction

takes place during milling, probably sustained by the large heat of mixing. Electron

mieroscopy l'l'ovides evidence that melting oeeurs in this case [5J.

We must conclude that thermal phenomena in ball milling proeesses arc not clearly

understood. Also, the temperatures encountered during collisions arc not preciscly

know!:



The first method \Ised fol' the systematic synthesis of nanophase materials was gas

phase condensation. Metals are evaporated in an evacuated chamber backlilled with

an inert gas and collected on a cold ling' - Clusters forming on this cold linger are

seraped and compacted in vacuum [9].

The method of bail milling is now widely used in laboratories to producc nanophase

Illaterials in large amounts. While certain alloys simply become amorphous after long

Inilling times, others remain in a nanocrystalline form with constant grain size after

a certain milling time. The parameters that determine the linal crystallite size are

llndCl' investigation (see references [51, 71, 26, 35, 55]).

•
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4.7 CALPHAD calculatiol1s

4.7.1 HistoriCitl notes

The CALPHAD method mentioned in chapter 2 has been successfully used in the past

to make predictions about the thermodynamics of metastable phases byextrapolating

fmm available thermodynamic data on a given binary system. The purpose of this

section is to give the reader an introduction to the CALPHAD method in order to

understand the calculations of the free energies of phases in the Fe-Ti system we refer

ta in our analysis [95, 97].

The history of the CALPHAD method (from calculation of phase diagram) can be

I.raced back to the work of Bernstein and Kaufman [48]. The computer program used

to calculate the free energy of phases in the Fe-Ti system was written by Lukacs et

al. [57, 58]. Basical1y, the free energies of phases are expressed as analytical functions

in terms of composition and temperature. These expressions are compared to available

experimental thermodynamic data and the coefficient of each term is optimized in

order to obtain the best fit.

4.7.2 Anal'ytical formulation

The temperature dependence of pure elements is given by the SGTE description [64]:

Gi(T) = Ai +BiT +GiT ln T +DiT2 + E;jT +FiT3 +Gi,rn.g, (4.1)



•

•

,1: BALL MILLING

where a magnetic term Gi,... ,," is included. The free enerp;y of a binary solution is

given by

In (4.2) wc have weighed contributions from the pme dellll'nts ;1'1(,'1 and .1'1(,'1, an

ideal mixing entropy term

and an excess term given by a Redlich-Kister [fiS] exprl'ssion:

fil Il 1 l'

GEX = ·I"I X2I: llj(XI - X2)j - 7'XI'1'2 I: bk(a'i - "1)k - T"'I;I"~ I: "'("'1 - ;l'd. (,1.·1)
j=O k=O l=ll

The first series contains higher order ten11S of the enthalpy and rednces to t.!1<' \'('p;nlm'

solution model in the case nt = O. The higher order terllls fol' the entl'Opy an' in t.!1<'

second series. The temperature dependence of the specifie heat of liquids is fonnd in

the third series, which takes into account the cffect of short-range order [()(il. Th"

short-l'ange order becomes important fol' amorphous phases which arc desnibed as

undercooled liquids below the glass transition. The frce cnergy of a colllpound is

given by

(/1.5)

where èl.Hc and èl.Sc are rcspectively the enthalpy and entropy of forlllation of t.he

compound. A description similar 1.0 the solution model given above may be nsed if

one wants 1.0 investigate compositions which deviate from the nominal stoiehiLlnlctry

of the compound..

The specific heat is given by the Neumann-Kopp rule:

(4.(i)

except for liquid phases where an excess specific heat is considered as in equat.ion

(4.4).

4.7.3 Calculation of coefficients

The frce energy of phases l'an be expressed as

G = J(c" T, x), (4.7)



where the weighing factor Wm depends on the uncertainty on each measured quantity:

where t.he Cr \ can be t.he coefficient.s aj, bk , and ct of equat.ion (·1.4) or f:J./Ic and f:J.Sc

of ""nat.ion (4.5). The conccnt.rat.ion of t.he t.wo c1ement.s are not independent and

ollly one of t.hem has to be used. This is why there is only one concentration, x, ap­

""aring in (4.7). Suppose wc have m measured thermodynamic quantities Qm (heats

of format.ion, crystallization, mclting, etc... ). These Can be linked to the coefficients

co' by rneans of (4.7). Wc have to decide which coefficients will be considered. This

choice is a very important stcp in the CALPHAD ca!Cula~ion. Physical considera­

tions are involved in the selection of coefficients. A modified set of coefficients may

be considered in light of the results of the !irst ca!culations.

One might go to the extreme of using as many coefficients there are measured

quantities in order to obtain a pClofect fit. However this approach would probably

lead to unphysical results as the results are extrapolated. It is often best to use as

few coefficients as necessary while keeping the el'l'ors at reasonable values.

The compu ter program is provided with a trial set of coeflkients and optimizes

t.heir value in order to minimize the mean square deviation:

•

•
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2: wm(Qmocal - Qm,exp)2.
m
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(4.8)

(4,9)

•

Wm= (f:J.Q~,exp)2 + (a~ f:J.T) 2+ (a~~n f:J.x) 2

f:J.Qm,exp is the uncertainty on the measured quantity Qm,exp, while f:J.x r.nd f:J.T are

the respective lIncertainties on composition and temperature for that measurement.

The WIll factors give more weight to measurements which are more precise.

Ail CALPHAD ca!culations were performed by Zhi-Hua Yan at Hydro-Québec [97,

!)5] in collaboration with Rüdiger Bormann of GKSS Research Center (Geesthacht,

Cermany).

4.7.4 Validity of CALPHAD calculations

CA LPHAD ca!culations can be used to calculate the free energies of metast~.ble phases

and predict possible phase transformations in processes where metastable and .table

eqllilibrium free energies play a l'ole. For example the free energies calculated by the

CALPHAD method correctly predict the range of compositions where bcc Ti-Cr will
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transform to an amorphous phase (inverse mclting [!)(ij). lt has also h""n ns"tI tll

ana\yze the behavior of binary systems timing bail milling. It is known that timing

bail milling the temperatme reached dming collisions is rarely snflici,'nt 1.0 tlin·rtly

indnce phase transformations and that the transformations pl·on·,'tI hy an int'l','as,· of

the l'l'CC energy through the graduai introdnction or ,koferls. In partirular th,· main

mechanism for the amorphization of intermetallie afloys is thought to Ill' c1lt'mical

disorder [(il .
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EXPERIMENTAL METHODS

5.1 Milling procedure

Milling was carried out in a commercial SPEX 8000 mixer/mill. We lIsed 0.5 inch

1.1Ingsten carbide balls with cobalt as a binder and a cllstom made tllngstell carbide

vial. This vial had an internai diameterof 13/8 inch (34.9 mm) and internai height of

1r. / 8 inch (41.:l mm). Bcfore milling the vial was sealed in a glove box with continllolls

f10w of argon. A rllbber o-ring with silicon-based vacuum grease was used. Pure

powders of iron (99.9%) and titanium (99.5%) were used in our milling experiments.

Theil' X-ray diffraction patterns are shown in figure 5.1. In certain experiments the

pme powders were weighed in the desired composition and directly introduced into the

vial for milling. For experiments on the intermetallic compound these powders were

t.horoughly mixed, pressed into a pellet and melted at least twice in the arc-furnace.

Using powdCl's introduced extra amounts of oxygen. Therefore we did another series

of milling experiments with the pre-formed intermetallic compound, starting with

solid pieces of iron (S:J.98%) and titanium (99.7%). This last series of samples was

used in hydrogen storage experiments on the milled intermetallic compound.

We also performed a series of milling experiments where oxygen was added on

purpose by means of iron oxide (99.7%), mixed with the pure metals in the proportions

giving the desired composition.

The weight of the iron and titanium part was weighed to a precision of 0.001 gram.

Ali starting mixtures had a mass of 4.000±0.002 grams. Samples generally lost ~0.05

gram during al'c-melting. After milling the vial was opened inside the glove box and

samples kept there until used in measurements. Usually, 1 gram of material was

recovered after milling. The l'est of the powder was stuck to the walls of the vial and

49
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Figure 5.1: X·ray diffraction patterns of iron and litalliulil powclcrs lIsed in this st.lIdy.

1.0 the balls. The vial was cleaned by milling withont sample and wit.h wat.er in th,'

via!. Sometimes, when large amonnts of metals Were st.nck on the walls of t.he vial,

milling with clean glass was effective in removing them. A few times the vial Imd to

be re-machinec!. The balls were replaced regnlarly.

5.2 X-ray apparatus

X-ray diffraction was performed in a Philips PWI050 diffractolllcter with large focns

MoKa radiation, a planaI' graphite monoclü'omator and a scintillation detect.OI'. The

powders were placed on a glass plate with fonr layers of scotch tape as a spaccr. The

samples were thick enongh 1.0 prevent any signal from the glass plate.

The same parameters were nsed for each sampie. The step between points wa._

0.05·. We measnred the intensity from 20=10· to !JO·. We connted for aD seconds at

each point.
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5.3 Allalysis of X-n~y data

5.3.1 Peak élIJillysis

.51

Th.. characteristics of X-ray peaks (position, area, width at half-m,,;;il11um) were

oht.ained liy filting tlw peak with a sinn of Gaussian and Lorent.zian functions. \VI'..
nsee! a snlll of Gallssian and Lorentzian col11ponents only to obtain a Letter fil. II.

is known however t.hat the broadening rclated to crystal size is best described by a

Lorentzian fnnction while strain broadening is closer to a Gaussian function [49], a

facl we have observee! in our l11easurel11ents.

We lIsed the Marquardt-Levenberg fitting procedure. A iinear function was in­

dne!ed 1.0 acconnt for the incoherent scattering. Since both Kal and Ka2 wavelengths

were present in the pattern we had to introduc.e doublets of peaks with dererl11ined

relations bctween their respective positions, area.o, and widths.

The wavelengths of Kal and Ka2 are O.ï0930 Â and O.il359 Â respectively. We

e!esignate them by ..\1 and "\2, The function describing a peak is:

•
whcre

IgIJ41n2 _011112(":0')' Ig2J'11n'i. _011112(°:°')'
- --e 1 +- --e '
WI rr ~ rr

III J'1 ln 2 1
+ 101 rr 1 +4 ln 2 (O;;;~' )2

1/2 j4ln2 1
+-\. )2102V rr i +4 ln 2 (0;;':'

° . [..\2 . (°1
)]2 = 2 arcsll\ :.ç sm 2

1
Ig2 = 2/g1

1
112 = -Ill

2

(5.1 )

(5.2)

(5.3\

(5.4)

(5.5)

•
ln 5.1, the first and third terms are the Gaussian and Lorentzian components of the

peak. The second and fourth terms are the Gaussian and Lorentzian components of

the companion peak produced by the I<a2 wavelength. We have used the area to



•

•

•

5: EXPERIMENTAL l\IETllonS

Figure 5.2: Example of a lit for the [321] peak from the pure iron powclor. Tho "'1U'lrOS are '''l'''ri­
mental points and the soHd Hne Îs the tolal calculat.cd intclIsity whkh indudes the dilfraction !)l'l\k
and the linear background.

width ratio in 5.1 instead of the IlCight of the peak becanse the area (or int..p;rat...d

intensity) is the parameter we nsed in onr calcnlations.

Given that the peak from 1(a2 is fnlly detcnnined by the parameters of \.I1l' p..ak

from Kah there are only four independent parameters needed to describe a peak: 01,

/9 1 and In, as well as WI. Once the fitting procedure has bccn donc for a peak, wc

nsed /9 1 + In as the intensity in calculations.

Figure 5.2 shows the fit for a peak frolTl the pure iron powder.

5.3.2 Determination of lattice paramcter

The lattice parameter is determined from the position of X-ray peaks. The C[fect of

systematic errors in the measurement of the diffraction angle hecomes less important.

as the diffraction angle approaches 90·. Warren [93] suggests collecting lattice pa­

rameter values for angles near 90·, and then to perform a linear extrapolation to !JO••

Because we used MoKa radiation in our experiments, peaks ahove 0=~5· are very

weak. Wc therefore used the peak ranging from 30 to ~5 degrees (20 = 60· to !10·).

There is no systematie variation of the lattice parameter in this range of diffraction
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Figure n.3: Latticc parameter as a function of diffraction angle for pure Fe.

IllIgles. /\s ail example we give the lattice parameter of Fe as a function of diffraction

'mgle ill ligure 5.3. The value for cach individual peak is precise 1.0 one part in a hun­

drcd t.housands (close t.o :'0 = 100·), but we see that these values !luctuate, limiting

t.he aetnal precision of our measurements 1.0 0.001 A. We do not know the reason for

these lIuctuations. They are possibly related 1.0 the peak shape changing from one

rellection 1.0 another. Wc obtained a value of 2.869 Awhich compares weil 1.0 the

Iiterature value of 2.867 A [38]. The lattice parameters of the titanium hexagonal

st.ructure is much more dimcult t.o determine since al. high angles, we find an almost

continuous superposition of peaks.

5.3.3 Determination of crJ'sta1lite size

The average size of crystallites can easily be obtained from the width of diffraction

peaks together with the strain (the 1'001. of the mean square Jeviation from the equi­

Iibrium position of the atoms). The derivation of the method is rather complicated

and the reader is referred 1.0 Warren [93] for the detailed treatment.

The width Illust be given in reciprocal space. The instrumental broadening must

be subtracted from the observed width. The way the instrumental broadening is
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subtract.ed depends on the shapt' of t.he funct.ions that. ,ksrri\w th" hroadellinp; l'rom

both the instrument and t.he crystallite size reductioll. If lh,' broadenillf!; 1'1'0111 holh

the instrument and the sample is purely Gallssian, UI" rOITect.ioll is quadratir:

([,.li)

ln the case of Lorentzian funct.ions, the correct.ioll is lin,'ar:

(fi.ï)

•

•

'YVe have used a sum of Gaussian and Lorentzian funct.ions to mode! our peaks. '1'1",1'<"

fore wc calculated the crystallite size using both a quadmt.i,· and a lin<'ar c<llTect.ioll.

We used the average as the final value alld the dir[erencc as UI" error har.

The instrurr.ental broadening is approximately given by

Llkin.drUmC1llfll = Ak + J3

where A and B where determined using a standard sampIe with Vl'I'y large nystallit"

size. Once Dok is determined for peaks which are multiples of t.he same reflect.ion, w,·

plot il. against k and perform a linear regression. The slope gives t.he vaInc of 1.11"

strain and the Dok(k = 0) value gives the crystallite si:r.e accordillg to the formula

D = 0.9· 211 ( )
"k ) fi.!)uk( . = 0

The value of Dis the domain size along the direction chosen (as detcl'luincd hy th,'

Miller indices). For cubic structures only 2 peaks arc available for the linear regression

because higher multiples are always buried under otller reflections [931. F'or example

we l'an use t.he [110J and [220] refiections but the [330J reflection is snperposed 1.0 I.hl'

[411] refiection. The [200J and [400J peaks l'an also be IIsed whell the [400J I,,:ak is

sufficiently sharp 1.0 be distinguished l'rom the background.

Comparison between X-ray experiments and observatlOlls in the tmnsmissioll e1<:<:­

tron microscope has shown that the crystallite size determinatioll l'rom the X-my peak

broadening is reliable.

5.3.4 Calculation of X-ray diffraction intcIlsities

We calculated the relative intensity of X-ray peaks for the FeTi intermetallic com­

pound using the structure factors provided in reference [9aJ. We also inclllded the
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Figure 5.'1: Schcmatic diagram or il. diffcrcntial scanning calorirnctcr.

11I111 ti plicity and Lorentz-polarization fadors. The temperature factor was neglected.

These calculated intensities were used for matters of comparison with experimental

intensities. The calculated value of the ratio of the intensities of the [JOOJ and [200]

Jllmks were used 1,0 calculate the long-range order parameter of disordered FeTi.

5.4 DSC measurements

Diffel"Cntial scanning calorimetry measurements were done in a Pet'kin-Elmer DSC-2C

with Ilowing argon. A dilferential scanning calorimeter (figure 5.4) is calibrated 1,0

heat a refercnce and a sample al, a given rate. The sample holder and the reference

arc heated by rcsistive elements and the temperature measured by resistance ther­

1II0metcrs. Argon llows through the apparatus 1,0 prevent reaction of the sampie with

air. Temperature dilferences between the sampie and the reference are measured by

l,he resistive thermometers and the computer records the power needed 1,0 keep them

al. the same temperature. The instrument therefore gives the heat flow in and out

of the sample. One may thus measure enthalpies of transformations and transition

(,cmpemtures.

The calorimetric behavior of nal'ocrystalline samples was difficult 1,0 analyze be­

cause there was heat released from 200°C to the maximum temperature the DSC

cOllld reach (725°C).
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5.5 Scallllillg electroll microscopy

We u~ed a aOkV Hitachi S-5 iD ~cauning e!ectron minoscl)pl' ln obla iu in1<l1\<'s fmnl the

samples and verify their composit.ion using l'nf'rgy dispersive X-nlY aua I~'sis (EllX).

The X-rays are emitted as excited e1ertrons l'ail back 10 IO\\'l'r l'u"rl\~' k\'l'k W<' did

not use a standard for this analysis, we t,Ï\erefore exped a precision nI' a l'l'\\' 1"'l'c"nls,

ln the case of I;:'-Ti, sincc therc is no light clement, the precision is "slimall'd al :!W.,

Generally, in the composition of a Fe/riy sampie (x+y= 100), x and y ('()nld "1\I'Y by

0.5.

5,6 Cllemical allalysis

For certain samples wc had their hydrogen and oxygen content dl'lel·mine,!. 'l'Il<'

oxygen content was measured by melting the sample in il Lec!) O~/ N~ ilualyzl'I'. In

this instl'llment, the saml'le is heated on a graphite cl'\lcible in an eledrode fnl'\lan',

The oxygen combines with earbon, passes thl'Ough a rare eill·t.h coppel' oxide which

transforms it into carbon dioxide. Carbon dioxide is detected by an infral'ed cd!.

Helium is used as a carrier gas. The uncertainty is 1% of the mea~lIt'ed vahl<'.

The hydrogen conte',lt was measured in a Leco lh analyzer. The sampie i~ Il<'akd

in the same manner ,\5 in the OdN 2 analyzer except that the amount of hydmgen

is determined by measuring the thermal conductivity of the gas. Hydrogen has a

much higher thermal conductivity than other gases (1.6 x 10u .!m-1s-II\-1 compared

to 1,4 X 109 Jm-Is-Il(-I for helium and 2.0 X 108 ,Jm-I~-'I\-I for oxygcu). The

uncertainty is 1% of the measlll'ed value.

These chemical analyses were performed by a technician at the Miüerial~ Clmmc­

terization Laboratory of Hydro-Québec 1.

5,7 Hydrogen stOl'age lIieasurements

5.7.1 Description of the apparatus

Cas storage measurements were performed in the system shown in ligure 5.5. The ap­

paratus consists essentially of two compartments: a reference chamber, which inc1udes

1Ali experirnents were perforrned by the author unlcss otherwise sI'ecïOcd,
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a 50ml reservoir and goes from valve #:l t.o onl' port. of t.hl' dilf"I'l'nt.ial t.ran~dnn'r, and

a saml'le chamber, which is closed by valve #'2. by t.h,' ot.l\('r port of t.h" dilf"I','ntial

t.ransduccr, and by the sample holder it.sdf, a ~mall l'ylind,'r ('\'N'd at. t.11<' hottnnl,

The gasket c10sing the saml'le holder has a tilt...r t.o pr..v,'nt. t.h" 1'0\\'<1<'1' from t.ra""ling

t.hroughout the system,

The purpose of such a configlll'ation is to providl' v('\'y prcci~<' nl<'a~lII'''nH'nt.~ nI' t.Ill'

pressure dilference bctween the reference chamb..r and t.h.. ~ampl,' chaml"'r, allo\\'ing

to precisely follow the evolution of the hydrogen preSSlll'e, The pl'l'~~lII'c in~id<' t.h,' rd',

erencc chamber is always close to t.hat inside the sample l'hambel' and t.11<' dill"'I'l'nt.ial

transducer is designed to be sensitive 1.0 small pressure dilferl'nce~, while t.h.. ahsolut.<,

transducer gives a reading of the pressure itself but is less sensit.iVl' to small l'haug"s

iu the pressure. When acquiring pressurl~composition isothermal l'\\l'ves, t.11t' ahso'

lute t.ransducer is used to obtain the value of the preSSlll'e, and t.he pl'l'sslll'e dliUlgc

measured by the differential transducer is used to determine the amount of hydrogl'n

absorbed.

The apparatus is conneeted to a high presslll'e hydrogen cylinder aud a pumping

station comprising a diffusion pump and a rotary pump. The tuhes, valves, ga.,I,,'l.s

are ma:!e of 316 stainless steel. The valves are cŒll.rolled by a computer whieh also

reads the data from the two transducers.

The apparatus is encased in a Plexiglas box except for the components which are

located below valve #0. These components arc inside a plastic tube connected 1.0 the

Plexiglas box. Air is circulated through the tube and inside the box by i~ snmll fan and

kept al. 32°C by a light bulb connected 1.0 a temperature cont1"OlIer. This l.emperal.lIl'l'

was chosen because it was easiest to maintain in the variable temperatul'e conditions

of the building.

A tubular fumace l'an be placed around the sampie holder to heat the sam pie. This

was done for activation treatments and l'an also be used for absorption measurelllents

at high temperature.

5.7.2 Measurement sequence

We started the measurement of a pressure-composition isotherm by establishing il

vacuum (10-9atm) inside the apparatus. Ali valves were closed before starting the



"xl",rÎIII"IIt. 'l'II" regulator 011 the hydrogen cylillder was ,et t.o a pressure of appl'OX­

ill"'t."'y 1 at.lIl. Valve #5 wa, opelled and theu c1osed. vVe theu opelled in ,equence

valv('s #:3, #'2, alld # J. A pau,e of 1 ,ecolld wa, ob'l'rved art.er which valve #:3

was d(l'ed. Aft.er allot.her pause of J secolld valve #0 was opened alld t.h" computer

st.art.ed collect.illg data from t.he two t.ransduccrs.

OIlCl' eqllilibrium was reacbed t.he procedure described above was repeated. From

t.illll' t.o t.illle \VI' illcreased the pressure setting on the regulator. This was neces­

sary becallse if the presslll'e behind valve #5 was tao high the pressure dHrerence

",t.ablisbed by opellillg valve#O alld the subsequent pressure decrease in the sam­

pie challlber due to absorption would make the pressure difference bet\Veen the two

challlbers exceed the rallge of the differential transducer. Once the maximum pres­

,lIre fol' t.he experiment was reached and equilibrium for that pressure established,

t.he pressure was decreased step by step, in the same way described for increasing the

pressure except t.hat instead of opening valve #5, we opened valve #4, which goes to

t.he plllllp.

The expel'Îment was t.erminated when the pressure went below a pre-determined

limit. We fixed this limit at 0.:3 atm because there \Vas no interesting feature belo\V

t.his prœsure and our gas-phase apparatus \Vas not precise enough in that range to

extract. useful information.

•

•
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" - 3iJ. 1 • Calibmtioll

The relation between the density and pressure of the hydrogen gas is essential in order

t.o det.erllline the amonnt of hydrogen absorbed from a measurement of the change in

pressure. The equation of state can he expressed as a series in tel'ms of the specifie

volullle of t.he gas (the so-called vi rial expansion):

P = RT (A + ~ + \) .
v v v

(5.10)

•

His t.he gas constant, Pis the pressure, v is the specifie volume, and A, B, and Carl'

called the vi rial coefficients. These coefficients depend only on the nature of the gas

and on temperature. Values of these coefficients are given by Dymond and Smith [22].

Wc ca1culated an average of the values we judged reliable, after performing a linear

interpolation to get the coefficients for a temperature of 32°C. In our experiments,
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Figure 5.6: Background Migllul from the glL<;.tit.rat,ioll syslem for a hypothet-kal s:\llIplt' Ill' Olle' IIlolt',

a1l pressure-composition isothel'llls were detel'luined at. t.his t.('mpeml.nl'<" t.h(,l'<'forp l'"

did not require a temperature dependent expression for I.he coel\icient.s. l';\,('n so, t.h,·ir

t.emperature dependence is moderate. For example t.he vaine of lJ is -(l,O l''IS ± (UlllO!i

al. 3001( (27°C) and -0.0152 ± 0.0005 at 400K (127°(:). The \'aln,'s l'" IIs('d an':

A = 1 (exact)

B = 0.0148 ± 0.0005

C = 0.000 38 ± 0.000 07.

(ri. Il)

(r,.I:!)

(!i.I:I)

•

These values are valid for v in I/moi and P is in atm.

We had 1.0 determine the volume inside the sam pie clmmber. First wc est.ahlished

vacuum inside the sampie chamber. 'l'hen we introduccd a certain amollnt of 1-\,.'
inside the chamber except in the sample holder itsclf (the spare below valve riO).

After measuring the pressure, we opened valve #0 and wc n1e,.,ured t.he pressllre

again. Using the equation of state 5.10, we deterrnined in this mlLllner the volllnl<'

ratio between the sample chamber with and without the space below valve #0. This

ratio was calculated several tirnes al. various pressurcs using helium and hydrogen.

We calculated the same volume ratio with a reservoir of known volume connccted t.o

the sample holder. Il. was then a simple problern of lincar algebra to ddermine the



illterrtal vol lime of the sam pie chamber. We found Vsc = 20.75 ± 0.25 ml.

This volume had to be corrected because of the presence of the sampie and its

expausion durin~ absorptioll. We c!etermined the volume of the sam pie by assuming

a density of 100%. This is Ilot unreasonable, hydrogen should be able to diffuse in

ail the pores of the materiai. We also considered an expansion of 2.9À" by hydrogen

atom absorbed. This value is a compromise betwccn the volume of hydrogen in the

val'ious phases alld what would be expected for hydrogen dissolved in amorphous

•
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•

•

Fc~-Ti.

1\ final correction due to the background signal from the instrument had to be

performed. 1\ change in the reading from the differential transduccr was observed

as t.he Ill'cssure was increased step by step. This change could be duc ta the smail

nonlineal'Îty of the differential transduccr or to the filter at the center of the gasket

located above the sample (see bottom of figure 5.5). If complete equilibrium between

the hvo sides of the filter (which l'l'stricts the movement of the gas) is not established

hefore the computer begins data acquisition, a transient gas movement will register

as lUI absorption in the expcriment. Indeed a short pressure variation \Vas observed

in the first seconds of each measurement step, far shorter than the pressure variations

ll..~sociated with absorption or desorption in the sampIe. The resulting background

for a sampIe of one mole is shown in figure 5.6.

We estimate the precision on the concentration ta be 1.5%. This erraI' mainly

comes from the erraI' on the volume of the sample chamber, the mass of the sample,

a.nd the temperature inside the sample chamber. The pressure measurement has a

precision of 0.03 atm.

5. ïA Preparation of samples

The smnples used in hydrogen storage experiments were weighed and put in the

sampie holder within a few hours of their synthesis by bail milling. The steel gasket

with filter was put on the sample holder, the manual valve on the sample holder

assembly \Vas closed and the assembly \Vas connected ta the gas-titration apparatus,

using another steel gasket. Vacuum was established in the apparatus. At no time \Vas

the sampie exposed to air from the moment it was introduced in the vial for milling

1.0 the end of storage experiments.



After vacuum was established in tll(' sampie holdl'r wc heall'd Ih,' samplt' 10,\00"('

and continuously pnmped for :10 minutes, II was Ih,'n l'l>oied 10 :12°(', This IVas

follo\Ved by the activation treatment.. \Ve decid<'d 10 nse an at'l.i\'alion Ireallllt'nt

similar to that of Heilly ancl Wis\Vall [iD], :\ high hydrop;t'n presslll'e was inll'odll<'ed

(~50 atm) and \Ve \Vait.ed nnlil the syst<'m l'l'achecl eqnilihl'illm, The ahsorplion al

50 atm \Vas simply follo\Ved with the absolute Iransdlll'l'r silll'l' t.he Pl'l'SSlll'l' chanp;e

in such experiments \Vas very large, 'l'hl' presslll'e was t.1I('n clel'l'l'asl'd t.o ~i at.m and

the sampie annealed at 4000 e for Imlf an hoU\', 'l'hl' appamt.lIs \Vas ap;ain l'V,H'lI,lI"d

and the sample coolecl to 32°C, This activation t.rt'at.ml'nt. was rl'I",.>l.ed lInt.il t.11t,

absorption curve at 50 atm stopped evolving, Pressure-composit.ion isot.hel'lns <'onld

then be obtained. After a complete absorption-c1esorpt.ion cycle t.he sam pl,' \Vas Ill'al.t'd

to 4000 e and cooled immediately \Vhile pllmping in orcier to Ill' cerlain t,hat, as lit.th'

hycll'Ogen as possible \Vas left insicle the sampie.

•

•
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BALL MILLING OF FE-TI

a.l Nanocl:ystalline Fe.50 Ti50

Th" '·"SlIlt.S for the first series of milling experiments are shown in figure 6.1 where

w" st.art"d wit,h the intcrllletallic eom?otll1d FeTi prepared by are-melting. Some

illv"st.igators slIbmit their samplcs to long annealing treatments at high temperatures

(~ 1000°C) but we have found that mc1ting the FeTi ingots twice makes the samplcs

fn'(' of Ti precipitates. As milling time inCl'eases, X-ray peaks beeome broader. A

(·"rt.aill amonnt of tungsten earbide goes into the sampie as a result of the wear of the

grinding materia! (vial and balls). The crystallite size and strain evaluated from the

bl'Oadening of the X-ray peaks is shown on figures 6.2 and 6.3. Both of them vary

rapidly in the first two hours of milling. After 20 hours, a steady state is reached.

Milling np to 40 hours does not bring any signifieant change. The sample milled 10

hours does not seem to be consistent with the other sal~lples, especially if wc eonsider

th" strain vainc. It is possible that something happened during the experiments that

cansed a larger amonnt of oxygen to be present (the influence of oxygen is diseussed

in t.he next section). The final erystallite size is around 11 nanometers. The final

stmin value is approximately 1.5%.

The small difference in scattel'Îng factor between Fe (Z=26) and Ti (Z=22) makes

the lIleasurement of the long-range order parameter (5) difficnlt. The integrated

intensity of the (100) peak, whieh is the super-lattiee peak of the bec structure, is

1.6% of the strongest rellexion (llO). Long eonnting times in the diffractometer allow

an approximate measnrement of 5 (see figures 6.4 and 6.5). At long milling times

t.llt' (100) peak has to be dc-eonvoluted from one of the tungsten earbide peaks. The

63
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Figure 6.1: X-ray pattern of l'e.oTi.o (inlermelallic componnd) arter n, n.5, ~, 10, ~n, and 411 hmlr"
of milling.
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Figure 5.4: X-ray pattern of FcsoTlSO (in­
t.ermct.allic compouud) showing the (100)
sUI>cr-lnttice peak at 0 aud 20 hours of
milling.

Figure 6.5: Long-range order parameter S
of FesoTiso (intermetallic compound) as a
function of milling time.
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definition of Sis:

(li.! )

where RF" ann RT ; are the fraction of Fe sites occupi,'d h~' F,' atoulS iIIlll Ti sil,·s

oceupied by Ti atoms respeetively. The equilibrium Fe'l'i inl,el'lllelallir romlllllind has

S = 1 while the l'ully disordered bec phase has S = O. 'l'he valu<' of S is p;iven hy lhe

ÎnLegrated intensity of super-Ialtiee pmks. In LIll' «"l'of tl\l' (100) pmk:

s= (
flUu )

flUu(S = 1)
(li.:!)

•

•

where /100(8 = 1) is the area for the l'ully ordered ph'l.,e [B:I]. TI\l' iuLl'nsiLy was

normalized using the (200) peak. The evolution of S is given in fignre (Ui. The linal

value of S is about 0.ti5.

The same nanoerystalline materials ean be obtained hy milliug "'l'mental powd..rs

of iron and titanium in the proportion Fe50Ti50 (ligure lUi). 'l'Ill' r..sult.iug Illlt\."I·ial

has a crystallite size of 12nm and a long-range order paramdel' arouud 0.7.

Au important factor in milling experimellts is the clfecL of implll'itil'S, ,'sp<'cially

oxygen. In the case of Fe-Ti, our group has found [10'1] that ahove a cel·taiu l'OUC('Il­

tration, oxygen causes th" amorphization of Fe-Ti. This is shown in a series of millill!-\

experiments where we added iron oxide (Fe203) 1.0 the e1emental powders ill differ­

ent concentrations. These mixtures were milled 20 hours, which we have del.el'lllilled

to be amply suflicient to rcach a steady state. The X-ray pat.tel'lls of t.he Illltl.erials

produced in this way are shown in ligll1'e '.7. At an oxygen conccnt.rat.ion of 10% th..

material is l'ully amorphous. This is somewhat dilrerent l'rom the 3% vaInc oht,ained

in a previous study [104]. This probably cornes l'rom the dilferlmccs iu milliu!-\ coU­

ditions. The l'l'actions occurring during the milling of iron and titaniulIl e!mllelltal

powders are discussed in later sections. Wc now turn our attentioll to t.he ,uuorphous

phase and its link with oxygen content.

6.2 Amorphous pllase and oxygen content

A faet that escapes a first look is that the X-ray pattern of nanocrystalline samples

includes the signal coming from an amorphous phase. 1b show this we have IIsed

,



•
li: BALI. MILLING OF FE-TI 69

16 19 20 22
29 (degl-ec8)

12 14

) .... ,
" ..'

24
12 14

.. ", ~
16 16 20 22 24

29 (degrees)

•

Figur" (j.8: X-rny pattern fit of l'''.oTi.o
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Dash"d li",,: total ealculated intensity
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l'i.gure 6.0: X-ray patteru fit of 1'''.oTi.o
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l'~gure 6.10: X-ray pattern fit of l'e.oTi.o
(SIZ": (jnl11) [104J using three sharp peaks.

Figure 6.11: X-ray pattern fit of l'e.oTiso
(size: 6nm) [104) using three sharp peaks
and one broad peak.
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Figure 6.14: X-ray pattern fit of the same
llnm sample using a sharp peak and a
broad peak.

Figure B.15: COillparisol1 bf~tW(~ml 1.11(~ HII­
pcrpositioll of the l.wo hroad penk:i oh·
tained by fitting a saml'le milled 20 honrs
(si.e: 11 nm) and the cxperimental 'unor­
phous pattern.
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Table 6.1: Peak arcas of a I111m sampic for cadi t.YPf' of l'orrt'dioll fllT l,lU' :ul1llrplhHI~ nllltl'Ilt

(first column: direction, second column: 110 l'orrect.ion, t.hir<l: l'Orrl'l"I,t'd wil.h a hroad \l,·ak. flltlrth
corrcctcd with the cxpcrimcnt.al amorphous patlcrn, firth: Ft.'Ti int.l'rnwt.allk (t'xlwriIlH'IlI,al). ~ixt.h:

FcTi illtermclallic (calculatcd).

hkl original broad peak amorpholls l'l'Ti (t'XI'.) l'l,Ti (l'ale.)

110 100.0 100.0 \00.0 100.0 100.0

200 10.S 15.0 15.3 :WA 1(Ui

211 26.3 25.1 28.8 :m.o al.~

220 4.3 7.7 5.6 8.5 n.2

310 S.1 9..1 10.:1 12.1 1l.n

222 1.2 lA l.G :1.2 .) -_.1

321 S.6 10.0 10.n 11.1 12.1
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Figure 6.20: Final crystallite size of
l'eGO_tTiGo_tOz as a fUllction of x.

Figure 6.21: Slrain in lIunocrYHtnlH (:UII­

taincd in FC50-'§-Tir.Hl-i0,r HILmplcs aH iL

functioll of x.
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a (jlllli salllple lIIade Ily L. Zaluski [10'1] 011 which wc have performed our own X­

ray Il''''L''lrelllellts. Agaill, the different graill size is likely duc ta different milling

colulitiollS. Wc have fiUed the main peak at around 20 degrces ([110] direction) with

ollC sharp peak (figure 6.8) in a first step. In a second step we have donc a similar fit

lIsing a sharp peak and a broad peak (figure 6.fJ). On these figures the solid line is t.he

cxpcrilllcnt.al intcnsit.y while the dashed line represents the t.otal calculated intensity.

Dot.ted lines represent the intensity of individual peaks. The fit with two peaks gives

a lIIeall s'l"are deviation one arder of magnitude lower than wit.h one peak. Visually,

we l'an sce t.hat. in t.he single peak fit. t.he program attempts ta take into account the

Icft shonlder above 21 dcgrees with the help of the linear background. The calculated

intcnsity docs not follow the cxperimental data satisfactorily. On the other hand, the

calculated intensit,y given by the double peak fit is practically indistinguishable from

t.he experimental intensity. Wc have donc a similar calculation for the three following

pcaks (figurcs 6.10 and 6.11). Again the use of a broad peak for the second maximum

of the amorphous pattern clearly improves the fit of the experimental intensity. If

wc now take the two broad peaks obtained by this procedure and use them ta fit the

cxpcrimcntal intcnsity of amorphous Fe.lsTi.lsOIQ, allowing a multiplying factor and

t.he adjustmcnt of the linear background (figure 6.12), wc sec that the two curves are

very similar. The multiplying factor is necessary since the amorphous deduced from

t.he nanocrystalline sampIe is a fraction of the signal which wouId be obtained from

a sampIc made only of this phase. ln short, the function used for fitting is:

1 = factor· [/(first broad peak)+/(second broad peak)] + (linear background) (6.3)

wherc the factor is independent of the diffraction angle and the intensities of the

two broad peaks are those obtained by fitting the nanocrystalline sample. Berc the

\,ungsten Cal'bide peaks were subtracted from the experimentai amorphous pattern.

Wc have applied the same fitting procedure to our llnm FesoTiso sampie obtained

by milling clemental powders. The result, shawn on figures 6.13, 6.14, and 6.15, aiso

indicates that a significant portion of the sample is amorphous, though the comparison

is not as good as that with the 6nm sampIe. Wc then used the experimentai pattern

from the amorphous phase itself ta fit the data from the llnm sample (figure 6.16).

The fit is not as good as the one with a broad peak bul- it is still much better than



the fit with a single sharp peak. From the partial in!.l'nsity of t I\l' amorphous phase

obtaiued with such a fit il. is possible 1.0 ob~ 'tin tl\l' aUlllul1t of amorphous phase

cont.aincd in nanocrystallinc scunplcs. The sallH.' srat.t.t.'ril1~ power is ass\lllll'd l'nI' hot.h

the crystalline and amorphous phases.

Tbe crystalline peaks obtained with our diffraet.ouH't<'r wen' not l'''r\''ctly s~'nl'

mct.ric, especially al. low angles where il. interfen's most with th,' ('valuatiou of 1.11l'

amorphous background. Figure 6.1 ï shows the (110) pmk of co.nsl'-grainl·d iruu­

titanium. The high· angle tail is more intense than the low-angk tai\. The high-angh'

tail is in the same region as the main maximum of tlI<' amorphous background. This

overlap resulted in an over-estimation of the amorphous cont<'nt by our nontlallit.t.ing

procedure. ln order 1.0 circumvent this problem wc litte" th,' crystallillt' p<·aks in tlll'

X-ray patterns samples which contained some amorphous phase with a convolution

of a Lorentzian function with the experimental peak of the co.u·se-grained sampI,', as

explained in appendix A.2. The fit for the same Ilnm F<·r.oTir.o s'Utlp"· is showu 011

figure 6.18. We sec that the agreement is as good as that of figure 1i.\'1 which in­

volved a broad peak to mimic the first maximum of the amorphous ph'L~e. Thal. Immd

peak was displaced towards higher angles compared to the experimental anlOrpholls

pattern. The integrated intensity of the amorphous componeut is visihly less t,hall

that obtained by using a symmctric function for the crystalline peak (Iigllre li. Ill).

This shows that if a ·ymmetric functiou were to be used for the crystalliue peak, the

amount of amorphous phase would be overestimated. We cakulated an amol'phous

content of 25 percent for the 6nm saml'le and 12 percent for our Ilum samples.

ln the calculation of the crystallite size and strain values l'rom the (110) and (220)

reflections wc corrected for the amorphous signal iu ordel' 1.0 obtain the t.rue positioll,

intensity, and width of the (110) peak. There Wal> however litUe dilrer<Jnce with values

obtained without the correctk'n exccpt for the 6nm saml'le Ir"n, L. %aluski. lu this

case the correction makes the crystalline (110) peak sharper auc!. the size ohtained

with this is 7.5nm. This is still close to the 6nm value. The ordel' parameter " W'L~

calculated using the (100) and (200) peaks in order 1.0 exclude ulldesirable influeuces

l'rom the (110) peak. The peak areas of the original and corrected patterns for the

11nm saml'le are displayed in table 6.1. The corrections with a broad peak (SUlll of

•

•

•
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L{Jl'l'lIt.ziall alld Gaussiall peaks) alld t.he amol'phous expel'inwlIt.al patt.el'Il bot.h make

t.hl' al'l"lS cios,,1' to t.he "alues expect.ed fol' equilibrium FeTi. Om expel'imelltal values

f{J1' C'oal'se-grailled FeTi are from samples milled 2 to 5 millutes (in order t.o have

l'owdel's). The illt.ellsit.ies they have for t.he (200) and (211) arc too high compared

1.0 t.hl' calculated values. We think this is duc to a preferential orientation of the

l'0wdel's. Fol' such salIlples milled a very short lime the crystallite size reduction

l'I'OCl'SS is allisotropic. The domain size obtained from the (200) and (400) peaks give

l'l'sults similar to the ones given by the (110) and (220) peaks fol' long milling times.

III t.he case of short millillg times, the (hOO) peaks give a domain size twice as large

a~ fol' the [hhOI direction.

As explained in the preccding chapter, wc were able to improve our sample prepa­

l'at.ion technique and decrease the oxygen content of the arc-melted ingots and, con­

St'qnl'nt.ly, the sample obtained by milling these FeTi ingots. This also resulted in a

l'<,dllcl'd amount of amorphous phase. These samples with minimal oxygen content

w('re use" in hydrogen storage experiments: the coarse-grained sampIe (milled only 2

minntes), Imd 0.2!J atomic % of oxygen and the nanocrystalline sample 1.38 atomic

%. The amount of amorphous phase correlates weil with oxygen content.

ln figure 6.19 wc give t.he amorphous content as a functio:. v" nxygen contained in

t.he iron oxide mixed with the metallic Fe and Ti powders (fro... figure 6.7). There is

num' oxygen from the surface of Fe and Ti powders and, possibly, sorne extra oxygen

contamination during milling. The lowest point al. 0% corresponds 1,0 the same sample

shown al. the bo!.tom of figure 6.6, with 2.3 atomic % oxygen (as determined with the

Leco 02/N2 analyzer).

Fol' the milling conditions wc have used, the ratio of amorphous content over

oxygen content is JO ± 1.5 (figUl'e 6.19).

If wc look at the crystallite size (figure 6.20) and strain (figure 6.21) data, we sel'

that the samples with x=O have 12nm crystals and a strain value of 1.5% (there is

two data points at x=O). As the oxygen content is increased, therefore the fraction

of al11orphous phase, the crystals become smaller and reach a diameter as low as

(in111. The average strain falls 1,0 0.3% for x=6. Keeping in mind that these values

arc averages for the whole sample, wc propose that 11-12nm is the smallest diame,er

•
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•
for which a nanocrystal can exis\, with a highly dis\.orting d,{,'c\. insi<i,' (sneh as a

dislocation or oxyo;en impurity, and tha\. smaller crystals ,u',' fl'l'l' of sueh <id·l'ds.

Chemical disorder of Fe and Ti sites is possibly still preSl'nt a\. very low si~l". Th"

minimum possible crystallite size is close to 5-(inlll.

6,3 Latticc parametel'

•

The lattice parameter of the intermetallic compound incrcases slightly <illl'ing lIIillinll;

(fig1l1'e 6.22). We are not certain about the cause for snch a change. An l'XIHtnsion

of the lattice parameter has been observed bcfore the alllol·phi~a\.i()n of cer\.ain nlil­

terials [35] by bail milling, when the crystallite si~e l'caches a ni\.ical vaine. Anol.lll'r

possibility has to do with impurities. An important faet is that the low oxygen "lin pie

milled 20 hours has a lattice paramcter of 2.984À instead of 2.!)!lOÀ for I.he ol.hel· salll­

pies. However it might be related to its long-range order parametcr which is higher

than the samples with higher oxygen content (8=0. ï4 compared 1.0 S=O.li5 'L' in fig­

ure 6.5). If we plot the latticc paramcter as a funetion of S (figure (i.2:3), regardless

of milling time and oxygen content, there seems to be a good relation between ,Ill'

two quantities.
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l''i~llre ().~t1: X-ray pattern fit of c1cmcnlal powdcrs (composition FC50Ti50) millcd 2 hours using "
:iharp pC'aks.

6.4 Mecllallically alloyec1 Fe50 Ti50

Fig1lre 6.6 shows the X-ray data fol' the equiatomic mixture of e\emental powders

"fl.el· dilferent milling times. There is a rapid decrease in titanium content in the first

I.wo hours of milling. There is also a broadening of both Ti and Fe peaks. After 5

hours I.itaninm is almost complcte\y transformed and there is a new peak appearing

hdw('en the main Fe and Ti peaks. After 10 hours no iron peak is visible. The only

l'1'ysl.alline phase is cnbic \Vith a small peak at 13.5 degrees indicating partial long­

mnge ol'<ler. Milling ten more hours does not bring any significant change. The rapid

I.mn~fol'lnation is consistent \Vith the faet that only 3 atomic % of iron is sufficient

1.0 I.ransform hexagonal close-packed titanium into body-centered cubic titanium ({3­

Ti(:Iat.%Fe)) [104].

Figure 6.2'1 illustrates our attempt to fit the pattern from the sample mi lied 2

hours \Vith 4 peaks between 15 and 23 degrees. The result is clearly unsatisfactory:

I.herc is intensity not acconnted for at 19 degrees and the main titanium (~ 18°) and

iron (~ 20°) peaks obtained from the fit have intensities too high \Vith respect to the

ol.her peaks al. higher angle.

From the area of the high angle Fe and Ti peaks it is possible to estimate the

amount of pure iron and pure titanium Icft bv comparing them with their value for

I.he mixture not yet milled. The sampie milled 2h contains 14 at.% 0'-Ti and 40at.%
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l'igure 6.25: X-ray pattern fit or elemental powders (composition Fc."Ti",,) milled 2 hUllrs IIsinl( lill
addition ta the 3 a-Ti peaks and the l'e peak) a l'/-Ti(Fe) peak and a very hrond peak mrrespnlldinl(
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same graph lS the total calculatcd intcnsity. The illtcnsity rrolll o~'I'i and Fe! iH SIIOWII in h. 'l'hl!
intensity from fJ-Ti(Fe) and amorpholls l'e-Ti is shawn in c. The seale ur c is live I.imes sllmller I.hall
the scnle or a and b.



o-Fe. This gi\'C'5 F('..wTi~o as the i.\vc'rap;f' Cllll1lh)sitioll \)1' tilt, n'actioll pnlducts..\

bec phase with sueh a composit ion would ha\'!' a latl in' p,".lw'll'r of :1. 1:!·I:\ (nsill)!.

resllits l'rom splat-eooled sampl,'s [(;i]) alld a (110) IH'ak al aholll I~.:-)", Th.'r., is

no Iwak visibk at this angle. Fmt h,'rmol't', in ligml' li.:!·!. \l'l' St'l' till'I't' is sign;d not

ae<onnt.ed for by the l'om pl'aks thre,ughout th,' angle interval sho\\'n,

A more likely possibility is that Wl' have a mixtlll't, of ji-Ti alld amorph.,,1S l,t,­

Ti. vVe sucCt'ssfulIy fitted the pat.t.el'll of Fl'"oTi"o mili.'d :! homs IlSin)!. a Iwak al

1Î.75° and a. very broad peak arOlllld U}O 1,0 IllimÎc t.11l' signal 1\01l1 illl illllOrphulis

phase. The results is showu on figme li.25. The eaienl"tl'd signal is nlneh clos,'r 10

the experiment.al dat.a than the fit with only fonr peaks. AlI thl' peak paranll'tl'rs

were optiInized by the computer progran.: posit.ion, intensity, and width. 'l'Ill' signal

l'rom the bcc phase and the amorphous phase are shown at. tilt' hot tom of lignl't' (i.21).

The y-axis has its scale multiplied by fil'e cOlllpared t.o t.he upper hall'. One nlight

of cotll'se quest.ion t.he validity of 0111' procedlll'e, arguÎng t.hat. it. is possible t.o add as

many peaks a needed unt.it a good fit is fOlllld. Sinee t.he intensit.y of t.hl' Ft, and Ti

peaks between 15 and 23 degrees are known l'rom the higher angle peaks, we know

there is extra intensity coming l'rom at least one phase which is a read.ion pl'lldnct..

Also, on figlll'e 6.24, wc sec that sOllle of this ext.ra nigna! ext.ends t.o bot.h elllis of

t.he X axis. The program tries t.o account fol' it usiug t.he linear Imckgl'Onnd whicll, of

course, cannot replace the faraway taits of a broad peak, Using only t.his ext.m bl'llad

peak leads the pl'Ogram to give 1.00 high intensities to the t.itanilllll peaks at. 1;.:1

and 18 degrees. Another argument is that the posit.ion of t.he bcc pm,k, 1;.7lio, I!;i l'l'S

a lattice parameter of 3.25À, exactly what. is found fol' bcc fi-Ti(:lat..%Fe), a very

plausible result. In addition 1.0 ail this, the peak intensities fol' the :1 Ti an,1 t.he l'"

peak given by the fit of figure 6.24 are much closer to wl",t they shonld be, accordini-\

1.0 the high angle peaks than what is found by fitting the pattern wit.h fonr Il"aks.

From these high angle peaks the intensities of the peaks Ti(LOO), Ti(002), 'l'i(llll),

and Fe(llO) should be 590, 836, 3101, and 8971 counts respectively. The 4-peak lit

gives 242, 637, 6786, and 12152. The 6-peak fit in tUl'll yields 58:1, !J2!J, 2G24, and

10515. These facts strengthen our conviction that ,B-Ti(Fe) and amorphons Fe-Ti are

present as intermediate reaction products.
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TI", IlIa!.ch I",twœll calclliated and experirnental intensities is less good on cach

side of 1.1", Fd 110) peak. This is dlle ta the asymmelry of the Fe peaks atthis stage

of Il,illing. Wc think this ilsymrnetry originates in the diffusion of a certain amount

of titaninm into iron, expanding the lattiee of sOllle of the iron still present. The

positions of the iron peaks arc indeed shifted 1.0 lower angles after 2 hours of Illilling

a",1 the average laLtice paramder obtained from these is 2.snA instead of 2.S6!JA for

pme iron. In the last fit wc Imd 1.0 use an asymmetric peak for the (100) reflection

of iron. A more precise shape analysis with some link 1.0 diffusion processes wouId of

course be desirable. The final latticc parameter of Fe50Tiso is 2.982, the crystallite

•
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6.5 AmorpllOUS Fe67 Ti33

The free energy curves (figure 2.15) sllggest there is a rather stable amorphous phase

al. the FeG7Tba composition. Wc have milled a mixture of elemental powders with this

composition and the results are displayed in figure 6.26. We obtain the same rapid

transformation of titanillm while iron peaks show little change in the carly stages of

milling. The apparent increase of intensity of the second Ti peak with respect ta the

other Ti peaks in the X-ray pattern of the saml'le milled 30 minutes is due ta the

shape of this saml'le. At that stage of milling we obtain mett'.1lic flakes. In arder ta

nmke il good saml'le for diffraction, these flakes were put fiat in a resin and polished.

Il. sccms that the sample had a certain degree of texture. The scanning eleetron

micrographs (figure 6.27) of a cross section of one of these flakes shows the typical

lillllellar aspect of mechanically alloyed samples. This is one argument in favor of

eOlllparing bal1-lllilled materials with multilayers of the same elements.

After 2 hours of milling there is little titanium left while iron peaks are still very

st.rong. After 5 hours the intensity from the amorphous phase becomes dominant.

After 20 hours the reaction is complete. Peaks from tungsten carbide are highly

visible in this case because the absolute intensity of amorphous samples is low (while

t.heir integrated intensity is the same as that of crystalline samples). Cocco et al.

have already milled Fe67Ti33, however they did not obtain a completely amorphous

Illaterial [16].
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Figure 6.26: X-ray pattern of FeG7Ti33 (elemental powders) after 0, 0.5, 1,2,5,10, and 20 hOllrs of
milling.
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Figure 6.27: Scanning electron micrographs of Fe67Ti33 (elemental powders) milled 0.5 hour.
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From the ose scan (figure 6.28) we fouud the enthalpy of lTyst.alli~ation t.o Ill'

85.6 Jjgl'am and the crystallization temperature 9481\ aL 20 I\jmin. Thel'e is also a

large heat release from 3751\ to 8251\, 184.Jjgl'am, which is likcly the l'esult, of SOIllI'

irreversible relaxation phenomenon and, possibly, a redist.ribut.ion of oxygell iut.o a

mür~ stable chemical state. Using the area of X-ray peaks Lo estimate the alllount of

tungsten carbide, we find for the crystal1ization enthalpy of the pme anlOrphous plla.sc

93.0±1.9Jjg (4.95±0.10kJjmol). This is comparable to the cl'ysLalli~at,ion cnt.lmlpy

of vapor-quenched amorphous FeuuTb4 films (4.57 kJjmol) [!J5].

6.6 Nanocrystalline Fe40 Ti60

The milling of Fe4oTiuo proceeds in a similar fashion as Fer.uTir.o. After 5 homs of

milling however we see a major peak corresponding to the new cubic phase whilc

titanium and iron peaks are still weil visible. The lattice paramcler after 20 houl'5 of

milling is 2.998Â. From this and using Vegard 's law we find that the average corn·

position of n1l.nocrystals in this sampie is Fe4uTis4' The long-range order pararncler

is 0.54. The maximum possible for this composition is S = 0.8. The final crystalliLe
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sizt' is lJnm and the st rain 1.5G%.

6.7 General disclIssion

:\lthough the technique of bail milling is siml'lt' in its d(·sign. t.ht' 1II00Iili",tli",1S il

l'roduccs on materials can he \'t'l'Y coml'lex. 'l'Ill' analysis of t ransforlllations is alsu

hilml'ered by the fact that we do not know l'n'cisl'Iy what !<'nll'('railln' is 10 Il('

considered. An agreement scems to be emerging iu the l'l'se<'l"ch c(lInlllllnity 1hat tlll'

local tcmpcraturc increasc during wllisions does not IIsuall)' t'x""('d :Wlll, [l!l. :1:">1- It

must be cmphasized howcver that transformations occurring during bail lIIilling an'

not simply the rcsult of repeatcd heat transfcrs to the material aud that. lIIechanical

clfccts have to bc considcrcd [!lOJ.

In the case of the FeTi intermctallic compound. ballmilling changes t.he lIIat.erial un

the macroscopic, microstructural, and structural (atomic) level. The tirst. -ohviolls

cffect is that the ingol made by arc-mclting is rapidly crushed during tht' first minllt.t's

of milling. AI'ter less than one hour of milling the material is complet.e1y t.ram:fornll'd

into a powder. Scanning e1ectron microscopy of the final powder (20 honrs of mill:ng)

shows fine powder l'articles (1-IO/lm), but most arc packed into large agglomerat,t's.

We do not expect the macroscopic aspect of the material to have any infiuenCl' on

the final phases produced by milling.

The microstructural evolution dUl'ing milling is essentially a reducLion of t.he crys­

tallite size (figure 6.2). Microscopie observations by A. lIaluslm [10:11 of FeTi at

intermediate milling times show grains divided by low-angle grain boundaries. We

suspect that dislocations caused by milling-induced mechanical deformations pile np

into law-angle grain boundaries. The misol'ientation of the smaller snb-grains so­

produced supposedly increases with further milling, leading to complctcly separat.e

crystallites. The l'l'finement of the crystallites is expected to change t.he relative st.a­

bility of the FeTi compound, for the same reason that a refinement in crystallite size

l'l'duces the melting temperature of metals [13, 14, 78]. In terms of l'l'ce energies, we

might say that the l'rel' energy of a nanocrystalline material is increased by the high

density of grain boundaries. If the l'rel' energy is increased beyond the free energy

of sorne other phase, a phase transformation may occur. lt might he arglled t.hat



011" shollld Ilot analyze bail milling with equilibrium thermodynamics, however since

the temperatnre increase during collisions is rarely sufhl'Ïent to produce the phase

transformations observed, the process can be seen as one wherc the free energy of

the matcrial is gradually increased by the slow introduction of defects. [n the case

where no phase transformation takes place, the crystallite size l'caches a constant

vaine after just a fcw hours of milling (there is no significant difference betwccn sam­

l'les milled 10 and 20 hours). Further reductions in crystallite size which might have

occurred after much longer milling times (~100 hours) would likely be due to impu­

rities coming from the wear of the milling tools. The final crystallite size that can be

reached by bail milling has recently become an important subject in research on bail

milling [55, 3.5, 65J. A few models have been proposed but there is no consensus on

that matter.

This leads us 1.0 discuss the structural defects introduced by milling, such as chem­

ieal disorder. Chemical disorder is directly observed in our experiments. In the lit­

erature concerning the FeTi compound there is usually no data given on chemical

disorder. With the equipment available and using a sufficiently long counting time

wc were able to follow the (100) peak of FeTi and obtain values of the long-range

order parameter with a reasonable precision. From the values obtained after 20 hours

of milling, we see that the location of Fe and Ti atoms is far from being random. An

order parameter S = 0.65 means that the probability of finding the right atom on

any site is approximately 0.8. Looking at the free energies of the amorphous and bcc

phase (figure 2.15), we sec that in order to l'aise the free energy of the FeTi compound

close to that of the amorphous phase it is necessary to decrease the long-range order

parameter close to zero.

There is a partial amorphization of the compound during milling. But our mea­

surements of oxygen content and our milling experiments on Feso_",Tiso_"'O" clearly
2 2

show that any amorphization at the FesoTiso composition after long milling times is

directly the result of the oxygen present in samples. We beHeve that the evidence

given by the X-ray analysis, especially the comparison between the sum of the broad

peaks obtained by fitting the 6 nm sample of L. Zaluski and the experimental X­

ray pattern of fully amorphous Fe4sTi4s01O is convincing. Using a convolution of
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a Lorentzian fnnction and the t'xpC'rimC'ntal pl'ak fnndion from th,' roarsl'-~rail\('d

sample, I\'C' l\'C'rC' ablC' to shol\' that tllC' dilfC'rC'nce I",tm'l'n tll<' cakn1atl'd path'l'n and

the amorphons pattern in figurC' 6.12 (the displac<'nH'nt lowanl hi~l\l'r '\I\~ll'S or II\('

first maximum) comes from the asymmet.ric shape of IOI\'-an~1edi Irrart ion pm ks. W,'

did not determine the exact mechanism by whieh oxY~l'n initiatl's amorphization hnl

wc expect it is related to the strong bonds oxygC'n can estahlish with iron and ti­

tanium and the distortion this I\'ould produre in thl' vieinity of oxygl'n atoms. In

arder to reduce the associated strain these disordered dnst"rs l'robably assemhll' into

larger amorphous regions, otherwise the amorphons l'haSl' wonld not Il(' visibl,' hy

transmission mieroscopy [104].

The very large strain observed after 20 honrs of milling <:an Ill' dnl' 1.0 st'vl'ral

defects: chemieal disorder, dislocations, oxygen iml'urities, and stress near grain

boundaries. Sorne answers will come later as wc look at the clfect of the activat.ion

treatment. HowevL'r we may already mention that oxygen impnritiC's can probably

not be linked to these high strains becanse the low-oxygen 12 nm saml'le has a st.rain

level, 1.48 ± 0,07%, as high as other 12 nm samples with higher oxygen content. Mi­

croscopic observation would be neeessary to determine if dislocat.ions arc l'rl'sl'nt. or if

strain is important near grain boundaries. The presenee of dislocations is very Iikely,

given that our materials are produced by mechanieal defol'llmt.ions. The incrcase in

lattiee parameter observed during milling appears t.o be relat.ed t.o chemieal disordcr

caused by milling.

Concerning the stability of defects in the nanocryst.al\ine microst.l'llct.ure, t.he rc­

sults on crystallite size and strain level in milling experiment.s on Fe-Ti-I"c20:l mix­

tures are particularly interesting. As the average crystallite is reduccd bclow HI nm,

the average strain level is strongly reduced too (figures 6.20 and 6.21). This means

that below a 'certain crystallite size a defective structure really becornes nustah1e

w;th respect to the amorphous phase, This goes along the other changes in stabilit.y

associated to the nanocrystalline microstructure, such as the reduction in melting

temperature of nanometer-sized metals.

The milling experiments on mixtures of pure Fe and Ti powders proceed in a very

different fashion. On a macroscopic level, the pure metallic powders arc ductile and
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fonll flakes ill li", fi l'st hOllr of milling. The flakes ohtained after half an hour of

Illillillg an, ",ide (~lrnm) alld very thin compared ta thos" rnilled one hour ",hich

arc IIl1lCh mor', "po",der-like". The filial product is a po",der identical 1.0 that made

hy lllilling 1.1", interrnetallic compound. On? different level, a lamellar microstruc­

i.ure (figllre li.2ï) i5 ohtained in the carly stages of milling. This microstructure is

silliply the result of repeated pressing and cold wcIding during collisions. It provides

nlllllC'l"OllS c1ean interfaces for the reaction hetween the two metals.

The reaction hetwccn Fe and Ti procceds by the transformation of hcp a-Ti into

hcc {i-Ti(:l al. % Fe) followed by graduaI enrichment of this bcc structure. The

Illain peak of bcc Ti(Fe) is very difficult ta isolate because it is superposed ta a-Ti

p!'aks. Wc were able ta show however that the X-ray spectrum of Fe5"Ti50 milled 2

hOllrs (figure (i.~4) cannat be fitted with only four peaks (for a-Ti and Fe) and that

a good fit may be obtained using an extra peak for ,8-Ti(Fe) and a broad peak from

an amorphous phase. There is also sorne diffusion uf Ti into bcc a-Fe. In a previous

article [1041 our group has shawn, on the basis of transmission e1ectron microscopic

observations, that the transformations from hcp a-Ti ta bcc ,8-Ti(3 al.. % Fe) occurs

at o-Ti grain boundaries. If wc follow the free energy of bcc Ti(Fe) (figure 2.15),

wc sec that it becomes higher than that of amorphous Fe-Ti al. a concentration of

:10 atomic percent iron. A transformation would have been possible, had the bcc

structure not reordered. The graduai enrichment of bcc Ti(Fe) does not appear in

the X-ray patterns of Fe50Ti5o after increasing milling time because this process occurs

fol' the most part between 5 and 10 hours of milling an:! we did not make an X-ray

scan between these two periods. However a bce phase is very visible in the X-ray

patt.el'll of Fe40Tioo milled five hours. We see a peak al. an intermediate position,

slightly left of the (100) peak of the final Fe'IOTioo bee phase obtained after 20 hours

of rnilling.

As ta the amorphous phase fol' which there is evidenee in X-ray patterns of FesoTiso

it is not clear whether il. is a temporary reaction produet eoming from interdiffusion

of Fe in Ti sueh as that forming in annealed Fe-Ti multilayers [97] or just the result

of oxygen present on the slll'faee of the initial powder. In the ease of multilayers,

the amorphous phase is formed beeause the formation of the more stable erystalline
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slruclure is kinel kally suppressed. Issues of inl<'rfaee eohen'ney also ari".. II is \'.'ry

difficuII 10 underst,and how an amorphous l'haSt' muId fol'tll al 11lt' sam.. 1illll' hel'

d-Ti does during bail milling. lInfonunal"'y Ih.' ,'xl,,'rim.'nlal "\'id.'nn' h.'n' is \'t'l'Y'

indirect.

In the X-ray pattern of Fe.\lITi,," miIled;; holll's IiI<' (101) p..ak of Cl-Ti (lhinlllt'ak

from the lcft in figure 1i.2!J) is far too inlense eompar..c1 10 Ih., (002) p..ak (St't'Und

from the left), indicating the presence of {1-Ti(F.,). AllI\(' sanlt' linlt' Ih.. l'al' r..al'hinp;

shoulder on the high-angle side of the Fe (110) peak indical<'s Ihe pn'St'nn' or an

amorphous phase. If the amorphous phase present al inlel'll1l'dia.\.<' Illillinf!; l,inlt's (2-:,

hours) was attributed to a kinetic suppression of formation of a more st.ahle hl'e l'haSt',

t.he relative amount ofamorphous material and bcc Ti(Fe) mighl hl' explaitlt'd h.l' 11lt'

different average composition and the rat.e of diffusiou, holh kadinf!; 10 a dilren'nl

distribution of concentration.

ln next chapter we will examine the change in samples afler activalion and rel",.ti.ecl

hydrogen absorption-desorption in order to draw additional conclusions concel'llinp;

the defects produced by t.he milling proccss.
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HYDROGEN STORAGE IN BALL-MILLED FE-TI

7.1 Overview of hydrogen storage results

W,· present in this chapter the equilibrium behaviol of live samples: coarse-grained

FeTi made by milling the intermetalliccompound for two minutes, two nanocrystalline

samples made from the intermetallic compound and from c1emental powders and

called nanocrystalline FeTi and nanocrystalline Fe50Ti50 respectivcly, nanocrystalline

Fe.llJ'l'ï.m obtained by milling Fe and Ti powders in the 40:60 atomie ratio, as weil as

amorphous FeorTb3 made from powders mixed in the 67:33 atomie ratio. The foUl'

latter samples were milled 20 hours.

The pressure-composition isotherm of coarse-grained FeTi prepared by milling an

ingot of the intermetallic compound for 2 minutes is shown in figure 7.1. The results

arc similar to those of Reilly and Wiswall [70]. The total storage capacity is somewhat

lower: O.S hydrogen l'cr metal atom instead of 0.9. The plateau eorresponding to the

transformation from the Il to the (3 phase is at the same pressure and extends over

Table 7.1: Pressure of the absorption and dcsorption plateaus of each erystalline sample (in at­
mospheres). The midpoint is dctermined from the arithmetie mean of the logarithm of the two
plnlcnus.

sampIe absorption desorption midpoint

coarse-grained FeTi 12.6 4.9 7.9

nanocrystalline FeTi 12.1 4.5 7.4

nanocrystalline Fe50Ti50 11.1 4.4 7.0

nanoerystalline FeoloTioo 3.1 1.7 2.3

90
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Fignre 7.3: Pressure-composition isotherm
for nanocrystalline Fe.6Tiso made from el·
emental powders (crystallite size: 12nm).
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for nanocrystallillc FCliOTilio made l'rom (~I­

cmcntal powdcrs (cryslallitc size: 011 III , rf~­

suit taken from [101], absorption only).
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the sallie cOlllposition range. On desorption we find the same dip at H/M=O.G, but

il. is III Ilch less pl"Onounccd than what is shown in [70]. Such a dip has to be a non­

"'1l1ilibl'Ïllm feature. There is no transformation to the ,-1"eTiH I •90 in the pressure

range investigated.

The sampie obtained by milling the intermetallic compound for 20 hours has a

significantly altered pressure-composition isotherm. There is additional solubility

hefme the appearancc of the {3 phase and the total storage capacity is reduced to 0.6.

Bot.h plateaus (absorption and desorption) occU!' at slightly reduced pressure. The

ot,her nanocrystalline FesoTiso sampie made from elemental powders has a similar

isotherm, the absorption plateau however is found at a pressure slightly lower than

in the case of nanocrystalline FeTi. We also show the absorption curve for the 6 nm

FesuTiou sample made by L. Zaluski [104] (figure 7.4).

'l'he nanocrystalline Fe.1OTioo sampie has an isotherm similar to FesoTiso but the

plateau is shifted to a significantly lower pressure. The absorption plateau is at 3 atm

and the desorption plateau at 1.7 atm. This is very dilferent from Ti-rich materials

made by conventional methods which separate into titanium hydride and FeTi-H [70].

Figure 7.6 shows the pressure-composition isotherm of amorphous Fe67Ti33 for the

first storage cycle and one of the subsequent cycles. The curves are typical of what is
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round in anl0rphous systr IS. Tht' COllCt'lltrat ion slu\\'ly incn'as('s ",it il pn'sstl1't' ilnd

there is no miscibilil." hap. 'l'h,' analysis or th" sampi<' rl'lri,'\'"d artel' storap;" "XIll'ri­

l11<'n ts revealee! a hydrogen cOl1c"ntra t ion 10\\",'1' t han (l.01 hyd l"llp;"n / ml'la 1. conti rt ninp;

that thel'e is ine!eee! a dirferl'nce Ill'I\\"l'cn th" tir"t ane! "nh""'1n,'nt cycll'". and that

it is not l'datee! 10 hye!rogen b"ing pertlIanl'nt ty trapp"d in d",'p "Iorap;" "il,'" l \\"ilh

very lo\\" cnergies). The chang" ob"ervet! i" Ih,'n>fo\"(' r"tal<'t! 10 a \"('Iaxatillll or tlll'

amorphous slructure during the tirst cyclc. Thl're i" no chanp;e in "tomp;" h,'havior

artel' the second cycle. The displaCl'mcnt or the curvc lo\\"ard higlll'r p\"('""n\"('" mn"t 1",

related to a densification of thc structt1l'e during Ihe tirst "torage cycle. 'l'Ill' sll"'I",r

slope indicates a narrowing of the site energy distribulion.

It is very interesting to note that the intcrmet.allic cOlllponnd or llll' "an1<' cOlnpŒi­

tion Fe/fi does not absorb hydrogeu. The structure or alllorphou" alloy", with a wid,'

variety of local coordinations betwccn nearest-neighbour atollls, "xplains this "trik­

ing difference in storage properties between two materials having the "alll" chl'Illicai

composition. Interstitial sites with varying numbers or Ti and F,' nl'ighhonl' atonl"

arc expected to exist, each with different binding energies.

7.2 Activation

As in the case of polycrystalline FeTi with targe crystallites, our cOlu'"e-gmined Ina­

t.erial with an average crystallite size of 2!J mu re«uil'Cd a long activat.ion proœdn\"(·.

Precisely, ten activation cycles were necessary to obtain l'l'prùducible stomge resnlt.s.

ln the case of nanocrystalline samples, a second activation cycle did not change \.Ill'

storage results from those obtained after a first cycle.

The amorphous Fe6,Ti33 sample had very slow kinetics. In absorption experinll'nt.s

at 50atm, equilibrium was established only after 20 hours, compared to approximat.dy

30 minutes for nanocrystalline materia!s. In order to measure p,·essure-composit.ion

isotherms wc had our amorphous saml'le treated with palladium by L.Zaluski in the

same way as for Mg2 Ni [105, 107]. The amount of palladium intl'Oduced in the roml or

ciusters on the amorphous powder is less than one weight percent and the palladinm

is not dissolved in the amorphous matrix. This procedure allowed the study of the

amorphous material by greatly accelerating absorption and desorption. In addition
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'l'abl,' ï .:l: (:ryslallile sizc of sarnples after activation and rcpcatcd hydrogcn absorption-dcsorption
"ydl's (in nilnolllett:rs). For coar:-;e-grainccl FcTi, the lincar rcgrcssioll Icd lo the urigin of the axes
with tllf: f'rror bar spanning positi"f: and Ilcgativc values. The damain size along the [hOO] direction
is 100 largf: Lü be a(~ctlraldy dclcrrnincd from the \\'idth of X-ray pcaks.

sampie reflections "efore li cyc1ing after activation

and II cyc1ing

coars"-grained FeTi 110,220 29±1O 83±52

200,400 very large very large

nanocrystalline FeTi 110,220 12±2 I~H2

200,400 HI 15±3

nanocrystalline Fer.oTi5o 110,220 12±2 12±2

200,400 Hl 12±2

nanocrystalline Fe.IOTiGo 110,220 11±2 10±1

200,400 6±1 IH4

t.o t.his, t.he material did not require any activation.

7.3 Microstructure and plIase stability

Preserving t.he nanocrystalline structure during t.he activation and the hydrogen stor­

age cycles is a critical aspect in research on these materials. The crystal1ite size,

measlll'ed along the [hOO] and [hhO] directions, are col1ected on table 7.2. The 2 min­

utes of mi1ling to which the coarse-grained sampIe was subjected were suflicient to

reduce the crystallite size to 29 nm. However the material obtained after activation

and hydrogen cyc1ing has a much larger crystallite size (83 nm). The large uncer­

\,ainty for large sizes is typical of this method of size determination. The size along the

[hOO] direction is very large, indicating that the growth of the FeTi structure proceeds

preferential1y along this direction. The final size is the one which is representative

of the material studied in the equilibrium storage experiments, not the initial size

(as-milled).

The nanocrystalline FeTi sampIe is stable, at least when we consider the size along

the [hhO] direction. The initial and final size are equal (considering the uncertainty).
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'1~1bl(' ï.:\: Strain \'nilles for ,samp!('s aftC'r .1.l'ti\'iltion and rl'Ilt'at('d hydro~l'n ah...;oq\lioIHIt.....l\rptÎ\)1I
cycles.

sampIe rcficelions l,,·rol'<· Il (',l'clin!,: aft.l't' act.i\'at,illll

and Il (',l'clin!,:

coarsc-graincd FeTi 110.220 0.22±11.l);' o. ï 1±O.O:.

200.'100 0.:11 ±O.O:l O.li;'±O.Oli

nanocrystal1ine FeTi 110,220 IAS±O.Oï O.I·I±O.Oï

200,400 0.2H±0.08 O.I:l±O.Oï

nanocrystal1ine FesoTiso 110,220 1.51 ±O.Oï O.18±0.Oï

200,400 0.:1l±0.08 O.O!ï±O.Oï

nanocrystalline Fe.IOTi"o 110,220 1.5G±0.Oï IU:l±ll.llï

200,400 0.3i±0.08 O.ï 1±II.Oï

Table 7.4: Amorphous content, Inttice paramctcr cl, and long-range order parull1ctcr S of samplt·s
as-milled.

sampie amorphons content (%) Il (A) S''.

coarse-grained FeTi 0.0 2.H78 O.!)(i

nanocrystalline FeTi 5.1 2.!J84 0.7/\

nanocrystalline Fe50Ti50 !J.7 2.H82 0.G5

nanocrystalline Fe,1OTi"o 9.8 2.!J98 0.54

Table 7.5: Amorphous content. lattice parameter d, und long-runge order pUrllllleter S of sllInples
lifter activlItion and repeated hydrogen absorption-dcsorption cycles.

sampIe amorphons content (%) d (A) s
coarse-grained FeTi 0.0 2.!J78 0.88

nanocrystalline FeTi 5.4 2.977 O.!Jl

nanocrystalline Fe50Tiso 6.7 2.!J78 0.8G

nanocrystalline Fe10TiGO 6.2 2.987 O.!Jl
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Figure 7.7: X-ray diffraction pattern of amorphous PeG7Tb3 treated \Vith palladium. The crystalliue
l'ellks lire those of tungsten earbide impuritics. There is not enough palladium to produce visible
ptmks.
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Figure 7,9: X-ray diffraction pattern of nanocrystalline FeTi before (a) and after (h) Hl.ora~" e'p,'r­
imcnts.
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Figure 7,10: X-ray diffraction pattern of nanocrystalline Fe.oTi.o before (a) and after (b) .I.orage
cxperiments.
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Figure 7.11: X-ray diffraction patteru of lIauocrystalliue Fe,'aTiGa before (a) and after (b) storage
expcrilllcnls.

Thel'e is sorne growth however along the [hOO] direction, for which the domain size

increases twofold. Nanocrystalline Fe50Ti50 and Fe.IOTi6o behave in the same manner.

The strain values arc also given on table 7.3. The results are rather surprising.

As expected, the strain values for coarse-grained FeTi are low: 0.22 and 0.31 for

[hhO] and [hOO] respectively. There is a significant increase in strain after H cyc1ing.

This must due to the defects crea led by the inhomogeneous volume expansion upon

transfonuing to the f3 phase in ahorption and back to the Ct phase during desorption.

The creation of these defects is associated with hysteresis.

A different behavior is found in the case of nanocrystalline materials. The as­

milled samples are highly strained along the [hhO] direction. After activation and H

cyc1ing, there is little strain left, except in the case of nanocrystalline Fe~oTi6a along

the [hOO] direction. These results, given the different activation behavior of coarse­

grained and nanocrystalline sampIe, suggest that the defects created by the formation

of the hydride in coarse-grained materials are essential for the absorption of hydrogen

1.0 take place. The results on nanocrystalline samples lead us to conc1ude that below



a certain crystallite size the hydride phase can form \l'ithout ,".fl'cts hl'inf'; initially

present. It might prove interest.ing to study the diffusion of hydrof';<'n in a crystal. as

a funelion of cryst.allite size, t.aking into account. t.hl' dast ic l'Ill"·f';Y. l'ossihly. in larf';<'

cryst.als, the interaction \l'it.h a dislocation is nen'ssary for tll<' hydrof';,'n atom to Ill'

able to move easily into the hulk of thl' cryst.al.

Unfortunate\y, since our matl'ria! \l'as heatl'd t.o '100° aftl'r l'ach nll'aSUl'l'm"nl of

the pressure-composition isotherm iu order to l'l'mo\'<' ail t.h,' hydrogl'n, il is likl'Iy

that the 10\l'er strain in uauocrystalline is simply thl' l'l'suit. of lh<'mlal relaxat.ion of

the sample.

As could be expected the amorphous conteut of some sampll's is rl'ducl'd hy t.1l<'

activation treatment and the absorption-desorption cyding ("'l' tahll' 7.;1). In ail

nanocrystalline samples, the amorphous content aft.er hydl'Ogl'n storagl' <'xlll'rinll'nt.s

is around 5-6%.

The lattice parameter of ail equiatomic samples goes hack to the vaIne of <"mu·s<'·

grained FeTi 2.977-2.978 A (sel' table 7.5). The long-range OI'del' panulIet.l"· of ail

samples go to a rather high value (~ 0.9), providing additional evidence to relat.e t.he

increase of the lattice parameter during milling to chemical disorder. lJsing Yeganl's

law to calculate the composition of the nanocrystals in Fe'IOTino, wc ohtain FC'IKTi r•2 ,

a somewhat disappointing l'l'suit (the nanocrystals retum to the cquiatomÎc compo·

sition, a more stable titanium-rich composition might have had intcrcsting hydrogcn

storage properties).

In figure 7.7 we give the X-ray pattem of amorphous Fcnr'l'i:13, trcatcd with pal­

ladium, after several absorption-desorption cycles. The only cryrotalline peaks visihle

are those of tungsten carbide impurities, with the exception of a very weak and broad

peak at 18.1° which would correspond to the Pd (111) rellection. The amorphous

structure is not changed by the storage experiments (therc is no signilicant changc in

the X-ray diffraction pattern).

The X-ray patterns of the nanocrystal1ine samples before and after activltlion and

repeated storage cycles are given in figures 7.8, 7.9, 7.10, and 7.11.

•
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Figure 7.12: Pressurc-composition isotherm of the crystalline component of coarse-grnined FeTi
(solid line) and nanocrystalline l'cTi (dotted line), obtained by snbtrncting the amonnt of hydro­
~cn corrcsponding to absorption in the amorphous phase llsing the isotherm of rclaxed amorphous
F~fill'ri50'

7.4 Discussion

7.4.1 Nanocrystalline Fe-Ti

As a nrst approximation, the pressure-composition isotherm of nanocrystalline FeTi

can be explained by taking into account the storage capacity of amorphous Fe-Ti. We

discussed in the previous chapter the presence of amorphous material in ball-milled

FeTi. As we shall see later, there is an interaction between the nanocrystals and the

amorphous regions. From the relative area of X-ray diffraction patterns, we estimated

the amorphous content of nanocrystalline FeTi after storage experiments at 5%. We

used the pressure-composition isotherm of relaxed amorphous FesoTiso determined

by L. Zaluski (reference [104] and figure 7.23) and subtracted it from the isotherm of

coarse-grained FeTi and nanocrystalline FeTi according to the relation

1
ccry".,(P) = 1 _ !. [Cobmved(P) - !.C.morphou,(P)] (7.1)

IVhere C is the concentration, P the pressure and !. the fraction of amorphous phase

in the sampie. The concentration obtained is that of the crystalline fraction of the



sampIe. The reslllting isotherms ar!' shown in ligure i.l:!.

The results indicate that the plat!'au in the absorption isotl1l'rm of nanorrystallin,'

F!'Ti, corresponding to th!' transformation l'rom thp (l ph,~sl' 1.0 1.1", ..1 phaSt', is Il,\1''

l'Ower than that of coarse-grain!'d FeTi. ln addition, tl1l'r" is no transfonnal.ioll to th,'

1 phase in the pressure range invcstigated. Since therp is no transfonnatiOiI 1.0 thp ")

phase, it is not surprising that on desorption th" mat"rial transforms hack 1.0 th,' li

phas!' without following a d!'sorption isothenn similar to that of com·St'-p;raiIlPt! l't,Ti.

The narrowing of the miscibility gap is Im'gely duc to th" prps('ncl' of ail anlOl'phollS

component in the material. Therc is a reduction of the gap becallsl' of tl1l' pn'St'nt'<'

of the amorphous fraction itself, reducing the amount of matl'rial involvl'd in tll" (l li

transformation, and an additional reduction eallsed by the elastic stress bd.w"('11 tIlt'

two phases which, as we shall sel' below, counteracts the hydrogen-hydrogen <'ifl'ctivl'

interaction responsible for the miscibility gap. The evidl'ncc for the rl'dlld.ion (',nISt'd

by the interaction of the two phases collles l'rom the fact that l'ven when \V(' cllnsid,'r

the isotherm of the purely crystalline component, the platean for the nanonysl,allillP

sampie is reduced \Vith respect to that of coarsc-grained FeTi.

As we said, the amorphous phase, in addition to having a dHrerent stmage ca­

pacity, interacts with the crystallites through long-range stresses, As the amorphlllls

component absorbs hydrogen, it expands and thcrefore exerts a negative pressurl' on

the crystalline component, decreasing therefore the energy of solution by incl'e,"'ing

the lattice spacÎ:1g. Upon transforming to the fJ phase, the volume expansion of the

crystalline component exceeds that of the amorphous. The latter then exerts a pos­

itive pressure on the nanocrystals, hindering the transformation to Lhe 'Y ph,",e hy

effectively compressing the lattice with respect to Lhe value iL would l'cadi were Lhe

surface of the nanocrystals stress-l'rel'. The effective latticc compression increascs the

energy of the (4Fe,2Ti) sites involved in the formation of the 'Y phase.

It is possible to model the interaction between the crystalline and amorphons

components using elasticity theory with a few simplifications as to the microstrncture

of the materia1. This is the purpose of the next sections. Wc shall first calculate the

force-dipole tensor of FeTi, a necessary step to relate lattice expansion or compression

to the energy of solution of hydrogen in the materia1.
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Figure 7.1:1: f1,-FeTiHo.94 in the y-z plane (large ccli: unit ccli, small ccli: FeTi distorted ccli, Ti
"I.OIllS and Il atoms hiding iron are above the plane of the paper). Also drawn are the x and y axes
of the initial FeTi ccli, its z axis is normal ta the paper. The x,y, and z sites are identified.

7.4.2 Force-dipole tensor of FeTi

The fo\'cc-dipole tenso\' of FeTi can be evaluated from the deformation of the latticc

l11easured by X-ray or neutron diffraction. With the latticc parameter~of the distorted

œil l11easured for one of the hydride phases one can calculate the strain tensor and,

knowing the density of hydrogen atoms on each site, use equations (2.43) and (2.51)

lo obtain the components of the force-dipole tensor.

ln lhe case of the (JI phase, the lattice parameters are a=2.954Â, b=4.538Â, and

c=4.381. The initial FeTi cell has two axes oriented along the t(b +c) and t(b - c)

vectors of the new unit ccll. We choose these to be the y and x axes of the FeTi ccll

\'espectively. The z axis of the FeTi cell now corr'1sponds to the x axis of the hydride

phase. Fo\' the sake of c1arity we have reproduced in figure 7.13 the structure of the

f3, phase with the axes of the initial FeTi cell. The Hl sites located at the corners

of the unit cell are y sites, the other Hl sites are x sites, and the H2 sites are z sites

(see figure 7.13). 1

IThe sites x, y, and z correspond ta j = 1, j = 2, and j = 3 respectively.



'vVe have to neglect the alternating displacements of the iron atoms from onl' lot'Ti

ccli to the other. These arc duc to the ordered occupation of sit,'s which is not t.l'l'a"'''

in this mode!. The determination of the pammetl'rs of th,' distortl'd cl'11 i" mad,' ,)\','1'

two cells. The strain tensor for ,I3t-f'eTillo.H., is:

•
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[

0.059 0.0 Hl

{= a.DIB 0.059

o 0

o ]o .
-0.OOï5

( - '»)1.-

The occupancy of Hl and H2 sites were given in chapter 2 for #t-FeTiDI.lI' W., shall

assume that the Hl and H2 sites will be occupied in the same ratio as the Dl and 1)2

sites in the deuteride. The number of hydrogen atoms on each site pel' unit cl'11 is:

•

The elastic constants of FeTi are (in matrix notation) [Il]:

Cil = 325 ± lOG l'a

Ct2 = 121 ± 10GPa

C.t., = 69 ± 1GPa.

NI = 0.414

N2 = 0.414

N3 = 0.113,

and the corresponding densities are:

PI = 1.350 x 1028m-3

P2 = 1.350 x 1028m-3

P3 = 4.28 X 1027m-3
•

The force-dipole tensor we obtain for x sites is:

(ï .:1)

(ï ..\)

(ï.1i)

(ï.n)

(7.ï)

(7.8)

(7.!l)

(7.10)

(7.11 )

•
[

1.66 0.12

Pl = - 0.12 0.18

0.12 -0.16

[

10.36 0.75

PI = - 0.75 1.12

0.75 -0.99

0.12 ]
-0.16 x 1O-18joule

0.18

0.75 ]
-0.99 eV.

1.12

(7.12)

(7.1:1)
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umorphOUH shell

crystal

Figure i .14: Spherical shell 1I10dei.

Civen the symmetry of the octahedral sites in FeTi, the mode! wc use is n,,: ~,:nsistent

with non-zero orf-diagonal components in the force-dipole 7.13. The shear deforma­

tioll foulld in the hydride phase is a result of the ordering of the hydrogen on the z

sites. If shear deformations were found without any ordered occupation breaking the

nystallographic symmetry, il. would be a second-order effect in terms of the shear

collipouents of the strain tensor, however we only consider effects which arc linear

in Lerms of the deformation. Consequently, the off-diagonal terms will be dropped.

The force-dipole tensor will be used only in the case of uniform pressures where shear

deforlllations do not play a l'Ole.

The {12-FeTi l .-lo phase has equal numbers of hydrogen atoms 011 the three types of

sites, therefore only the trace of the dipole tensor is accessible. The trace is 13.4eV,

compared 1.0 12.6eV fol' the (31 phase. The precision of ca1culations made usillg the

force-di pole tensor is therefore resLricted 1.0 10%, considerillg also the ullcertainty on

t.he c1astic constants.

7.4.3 SplIerical sllellmodel

ln the presence of external forces the condition of time-averaged mechanical equilib­

riulll becomes:

In the continuum model, this translates into a new boundary condition (see equa-

(
Iflol ) = Fm,. (7.14)avm ,.

where Fm is the force applied on atom m. We wiII be interested only in cases where

il. vallishes everywhere except on the surface of a crystal. Equation 2.37 is changed

1.0:

•
~m.. · v.. = -Wm+Fm. (7.15)
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(ion ~AO):

(l,Iii)

where 0'"" is the homogeneons l'xtet'llal constraint pl'Oducing th,' t,"'""S F"" Th,'

stress t,ensor O',,~ will go into equation (~AI) wh,'I'(' it was sl'l. (.0 z,'n) l'or rn'e <'l',,'sl ais,

Equation (~.5~) bC'comes

and, instead of 2.63, wc find

Heln.'ic = -~JIl'/i(r)S'"{l,,,,Il,,,,(r)lf'r + ~JfT""S",I,,,,fTl,,.cI"r

= -~JIl.Il(r)S"/i,,,,Il,,,,(r)tl'r + ~ fT",IS",I,,,,fT,,,,

= -~JrI "{l(r)S"ll,,,, Il,,,, (r)d"I' + ~l'ï/a"

("I,)

(I,I~)

(" 1!I)

(1.:lU)

•

•

where we only consider a uniform pressure ou t.he cr:!st.al (a"l' = ml"II). 'l'hl' s,'cond

t.erm in (7.20) is the change t.o t.he pot.ent.ial energy e<tused hy t.11<' ext.l't'Ilai pn·ssurt'.

The t.otal potentia! energy is the sum of the harmonic pot.ential of the host lat.l,in' and

the hydrogen potential energy which includes a constant tel'll1 and a linear hydrog,'n­

Illetal term. The potential energy of the Illctal-hydrogen solut.ion near it.s point. of

stress-l'rel' equilibrium has the same quadratic depC'ndencc in t.el'lI1S of lat.tice expan­

sion than the pure meta! around its own point of Illechanical equilibrium. Addillg an

external pressure will change the potelltial energy in t.he same m,Ulller as it. would

change that of the pure latticc, by adding a term depending on the extet'llal preSSllre

0'. There is no term involving both the force-di pole alld the extel'lml pressure.

The negative pressure on nanocrystals is caused by the expallsioll of t.he <LInorphons

regions as they absorb hydrogen prior to the transformation of the crystallille compo­

nent l'rom a-FeTi-H to J3-FeTi-H, al'tel' which the reverse takes place, the cryst.als exert.

a positive pressure on the amorphous regions. Wc present here two simple modcls

1.0 describe this: a spherical shell model (figure 7.14) where the amorphous rnaterial

forms a sheU on the surface of spherica! crystals and a uniform dispersion mode! wherc

amorphous inclusions are homogeneously dispersed throughout the materia!. Tberc

is experimenta! evidencc 1.0 support the spherical sheU mode!. Transmission e!cc-



trOll lIIicroscopy 011 lIalloeryst.allille !'e""Ti"o [10~1 shows nanometer-sized cryst.allit.es

S(·IJarat.l'd !Jy a t.hill amorpholls or highly disordered layer.

'1'0 dl'sc:ri!J" the "'lllilibrillm of th" composite material wc need the force-di pole

tl'IIS0r and thl' dast.ic cOllstants of both phases. The force-dipole tensor of crystalline

F,:lï W'L' prl'viollsly caiclliated from crystallographie data and the dastic constants

havl' also IwclI reported [II]. III the absence of data for amorphons !'e"oTi"o wc have

t.o "xt.rapolate 011 the basis of elllpirieai observations on amorphous alloys. The bnlk

alld shear modnlus of amorphons transition metal alloys are generally ~% and aO%

lower, rcspectivcly, than those of the crystaIIine intermetallic compound of the same

composition [50]. The bulk modnlus of FeTi is 1S9GPa and the shear modulus is

Ii!lGl'a. W" therefore use lSIGPa and 4SGPa for amorphous FesoTiso. The Poisson

ratio and Young's modulus ean also be fonnd by assuming that the amorphons phase

is isotropic [75].

For the amorphons phase wc assume an isotropie and diagonal force-di pole tensor

with diagonal clements given by (2.59):

•

•
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p. = -BVII,

1DG

(7.21 )

•

where the index Cl stands for the amorphous phase and VII is the volume expansion

pel' hydmgen atom. Although there are no precise figures for VII, the literatnre [a4]

on amorphous transition metal alloys suggests il. should be around 2.SÀ
3

• The use of

a single force-di pole tensor is not strictly correct since there is a variety of sites with

pl'Obably differing volume expansions associated 1.0 them. I-Iowever, sinee the volume

l'xpansion pel' hydrogen atom is usually around 2.8 ± 0.2À
3

for most metal-hydrogen

systems, wc may think il. does not vary much from one type of site 1.0 another in the

same materia!.

The spherieal shell of inner and outer radii RI and R2 respectively is subjected 1.0

a pressure -(7 011 the inner surface. The outer surface wiII be considered free. This

model would become extremely eomplicated otherwise. The stress components on

sueh a spherieal shell with an inner pressure are given as an exercise in Landau and
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Lifshilz [5'IJ. In spherica! coordinall's (,.. O. ô) the)' are 1:

aU'i ( In)
(J"" = - H~ _ U'I' 1 - l";

a II~ ( II~ )
(J'oo = Cf..'1 .... = 17] _ U~~ l + 2,':\ .

III t.he case of a t.hin shell (t = 112 - III « UI • lU \\'e ha\'('

a
arr = -

~
a,.

aoo = (J"" = - ~t .

lOi

(-""), '--

(- ""),._"

(i.21 )

(- ''-)1 ....;)

For 10 nm cryst.allites and 10% amorphous cont.ent. t.he t.hkkl\l·ss is t = O.l!) nnl.

Using

wherl' t.he index c designat.es t.he cryst.al, we lind for t.he elast.ic ellergy of t.lt<' cryst.al

aud the amorphous shell:

•

) P+"2P'
1C = a '

1)2/' N2
H =_~ C \c C ~K\I(J2

C ? \1 +')cc
- Y c ..

(sce l'quation (2.66) and (7.20)) and

1 f>2}' N2
If " \" " \' 1 u

. Il = - ? \1 + III ?,O'cl'n,J II ,olllll.u"I1
... (l ...

(-')(')1 .... )

(-')-)'._1

(US)

respectivc1y. We want 1.0 l'liminate (J in the equations above. The constmint. t.hat t.he

situation dictates is that tincal' deformations along the smfare of t.he shell mnst. he

equal to tincal' deformat'ons insidl' the crystal. This will enslll'e contact hetween t.he

crystal and the shc11. In other words:

1
Coo = (,pf/! = 3'(C,'J" (7."2!1)

•

By using one third of the rc1ative volume expansion in (7.2!J) we neglect the dliLlIge

of shape of the crystal, since its expansion is not l'quai in the three perpendicular

directions. This approximation is not worse than choosing a sphl'rical cryst.al in the

first place.

IThcrc is no summation on indices r.O. and .p,



•
ï: HYIlI\OGEN STOI\AGE IN I3ALL-MILLED FE-TI

(jsillp; ''fillatioll (i.1i) wc have:

For the amorphous shell

1 1\'"N"P" S
(00 = -;-l \1 + Il,00000'00'. "

(llserting equations i.31 and i.32 in i.29 we find

IDS

(ï.:lO)

(i.:ll)

(- '3'))I.~ -

(i.33)

W" isolate 0':

(i.34 )

•
where }.~ is Young's modulus and Va the Poisson ratio of the amorphous phase. In

tel'lns of the concentration in the crystalline (cc) and the amorphous (ca) components

we have

(i.35)

where Ve and Va is the specific volume of each component. Here we have changed our

e<lnvention from c = N/NII to c = N/NL •

We now have an expression for the pressure exerted on the crystal as a function of

the number of hydrogen atoms Ne and Na dissolved in the crystal and the amorphous

shell respectivcly. Na does not vary much in the pressure range of interest, we may

t.herefore use a single value and study the effect on the pressure-composition isotherm

of the crystalline part. For fully relaxed amorphous FesoTiso (reference [108] and

figme i.23) we have

Na = 0.35Na,L' (7.36)

(7.37)

(7.38)•

The correction to the chemical potential in equation (2.18) cornes from the last

t.erm of equations 7.27 and 7.28. By differentiating with respect to N (Ne), we obtain

Do/i = a~e GJ(e\<,0'2 + ~\laO'""Sa,""""O'",.)
Do = [~F \1 ~\I [2r (Va ....!:.... _ Var) ~ 2var]].? au

Il 2 \e e + 8 a t Ya + Vat Vat + Ya + Vat _0' aNe'
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where
ÛO' _ K.. I~. [1" :III" ~ _ :11'",,]-1

Û \ ' - \' \ < + )\" + ),. ),. 11 c ~. :.. 1 Il :.. '"Il t :.. J"Cl

Ill!l

(ï .:l!l)

The pressure-composit ion isotherm of the crystal snrrOlll\(l"d hy an alllorl'hons

shell is given by:

Following our new convention c = /1'//1'1., wc had to l'nt. O. ï inst",,,1 of in th,'

configuration entropy term

I/f ln ( 7
c
_ ).o. c

Snbtracting the equation fol' the purcly crystalline material

~kT ln (l~) = 110('1') - l~d +kT ln ( ~(~ .) - "inIC:,
_ 0 - 0.1 (.

(ïA2)

•
from (7.40, we obtain the relation between the pressures corresponding to cadI ma­

terial at l'quai concentration:

P'=Pe(W') .

In the case of 10 nm crystals with 10% amorphons phase and c,,=D.:\1i wc gel from

eqnation (7.35)

and the correction to the chemical potential becomes

!1/l = 4.9 x 10-21 Cc -1.4 x 10-21 .1

!1/l = 0.031cc - 0.00geV.

The change in pressure at 32°C is given by

(7.'1'1 )

(7.45)

(7.4li)

(7.47)

•

We sel' immediately that the onset of the plateau corresponding to the tmnsfor­

mation from the {32 phase to the "f phase and whieh occurs at a concentration of D.7

hydrogen per metal and a pressure of 25 atm will be shifted to a pressure of 68 atm,

slightly above the range limit of our transducer. If the amount of amorphons phase

is 5%, the pressure for that transformation goes to 39 atm .
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o
10 0 ."=O.L...L..~O."=2'---=0'-=.4--=0"=.6'---=0"=.8'------:-'1.0

HlM

110

•

•

Figure 7.15: Calculatcd prcssurc-colllposition isothcrms for dHfcrcnt amounts of amorphous phase
wit.h hydrogen concent.ration 0.=0.:15, as calculatcd nsing the spherical shcn mode!. The initial
isothcrm has a plateau at 12.6 atm and a maximumsolubility in the" phase of 0.05 hydrogen/meta!.
The amorphons content is: (a) 0%, (b) 10%, (c) 20%, (d) 30%, (e) 40%.

o
10 O."::0:-'-l...±0'"=.2!----=O....,.4,-----=O'"=.6=-----=O...,.8=-----,-J1.0

HlM

Fignre ;.16: Calenlatcd prcssurc-composition isotherms for different amounts of amorphous phase
wit.lt hydrogcn concentration c.=0.45, as calculated using the spherical shen mode!. The amorphous
content. is: (a) 0%, (b) 10%, (c) 20%, (d) 30%, (e) 40%.



t: HYDROGEN STORAGE IN I3ALL-~IlLLE[) FE-TI

•
~

E...
'" •

III

•
Figure ;.li: Calculatcd prcssurc-compositioll isothcrms for diffcrcnL al1l011I1Ls of lllllorphouli phlls('
\Vith hydrogen concentration ca=O.55, iL'i calculatcd using the sphcrical shdllllodcl. 'l'lu.-' :llllorphous
content is: (a) 0%, (b) 10%, (c) 20%, (d) :10%, (e) 40%.
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•

o
10 0."'O...J.J..!..::-O."'2---=-O.'-:4---=-O."'a'-----=-o."'a'---~1. 0

HlM

Figure 7.18: Calculated prcssurc-composition isotherms for different concentrations of hydrogen in
the amorphous phase: (a) c.=0.35, (b) c.=0.45, (c) c.=0.55. The amorphous conteut of the material
is set to 20%.
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a
1a a.1l:a,-!-l....:!a"'=.2:-i---,a:-'-.4.,----a"".-=6----=a...,.8:----,J1.a

HlM

112

(7.48)

•

•

Figure 7.19: Calcnlated prcssnrc-composition isotherms for different amounts of amorphous phase
with hydrogen concentration c.=0.45. as calculatcd using the spherieal shell mode!. The volume
expansion l'cr hydrogen absorbed is assumed to be the same for the amorphous phase and f3,­
FeTilln.n4' The amorphous content is: (a) 0%. (b) 10%, (c) 20%, (d) 30%, (e) 40%.

ln figures 7.15, 7.16, 7.17, 7.18 we describe the influence of the amorphous phase on

t.he absorption properties of the material for a crystal size of 12 nm. Since the plateau

does not correspond to the chemical potential of an homogeneous solution we have to

lit. t.he data of coarse-grained FeTi, our reference sample, with equation (2.20). The

correction to the chemical potential can be applied and the new plateau calculated

from the modified chemical potential curve. First we have to calculate the constant

Lerms in (2.20):

~kTln (~) = po(T) - ~d +kTln (0/-J-aint C•

Wc have arbitrarily chosen the concentration in P1FeTiHI.40 (c = 0.7) to be the

number of storage sites, in order to simplify the mode!. The absorption plateau of

coarse-grained FeTi is at 12.6 atm. We fix the solubility limit in the Cl< phase to be

0.05 hydrogen pel' metal, the value given by Reilly and Wiswall [70]. From these

values we determined the constants in the reference isotherm equation (7.48), then



wc applied t.he correct.ion for the chemical polential cakulal<'d ahm'l'. 'l'Il<' vahl<'s an'•
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Uint = O.15i'eV

1'0 = 2.181eV.

1LI

(7 ..1!1)

(7.;;0)

•

•

From (7.49) we gel. for the crit.ical temperatur<' of formation of ,Li- FeTi Il 1.'111 '1:. = ·1;,;,1":

(using Tc = u;n./4k, section 2.2). The phase diagram of the FeTi-1I systl'm det<'l'Illitl<'d

by Reilly and Wiswall [70] ends at 70·e, bllt, ext.rapolating fl'Olll the availahle data,

t.he critical temperature seems t.o be located around :1701":.

In t.he case of where the hydrogen concentration in the amorphous phase is c" =

0.35 (figure7.15), increasing the amount of amorphous phase inneases the Pl'<'ssurl' of

the plateau. The width of the plateau is also reduced, because of the mnorphous pha.'"

which has a nearly fixed concentration, and because the clastic stress it exerts on I.hl'

crystals counteracts the effective hydrogen-hydrogen interaction. For an amorpholls

content of 30%, there is no miscibility gap.

In the casto of c. = 0.45 (figure 7.16), which is the hydrogen concentration ill un­

relaxed amorphous FesoTiso, the same narrowing of the miscibility gap is ohserverl, hlll,

there is almost no change in the pressure of the absorption platean. If we wnsidPl'

an l'ven higher concentration in the amorphous phase c" = 0.55 (figttl'e 7.17), the

pressure of the plateau decreases with increasing concentration. This is the bclmvior

we observe in our nanocrystalline materials. Our samples, with a crystal size of 12

nm and an amorphous content of 5-6% show a slight redudion in the pl'essum of

the absorption plateau. The samplI' of L. Zaluski, with a smaller crystal size and a

more important amorphous fraction show a significant reduction in Pl·essure. It l11ust

be noted that his sample was heated only once al. 400·e for :10 minutes, while our

samples were heated several times. We a1so give the elrect of varying the hydrogen

concentration, keeping fixed the amount of amorphous phase, in figure 7.IS. The lack

of experimental data on the expansion of the amorphous phase leaves the possibility of

substantial l'l'l'or in the l'valuation of the force-dipole tensor of the amorphous phase.

For example if we assume that the volume expansion pel' hydrogen atom dissolved

in the amorphous phase is the same as that in the crystal (3.1Â3) instead of 2.SA=1

and use c. =0,45, the e!fect of the amorphous layer is 1.0 decrease the pressure of the

plateau (figure 7.19).
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Figure ï.20: Ulliform dispersion mode!. Figure ï.21: Calculated pressure­
composition isotherms using the uniform
dispersion model for different amouuts of
amorphous phase: (a) 0%, (h) 5%, (c)
10%.

•
Ollr conclusion on these matters is that the spherica1 shell modcl provides a sound

fmmework for ana1yzing the stress-induced modifications to the storage behavior but

I.ha1. some specific parameters would need to be determined more precisely. It is

still remarkable that this simple model produces c1astic stresses of the good order of

magnitude to affect the storage properties of materials in a fashion simi1ar to what is

observed in experiments.

7.4.4 Uniform dispersion mode]

•

We now consider an alternative mode1 where slUall amorphous regions are uniformly

dispersed thl"Oughout the materia1 (figure 7.20). We disregard possible rearrange­

ments at the microstructura1 level and consider the volume expansion of the matrix

cansed by hydrogen absorption in the amorphous regions to be homogeneous. Dis­

regardillg microstructural rearrangements such as cracking is not totally unjustified

since electron microscopy observations of hydrogenated nanocrystalline samples show

no sign of decrepitation [106]. We make two further simplifications. We assume that

the bulk moduli of the crystalline and amorphous phases are equal and that the vol­

Ulue expansion per hydrogen atom dissolved is the same in both phases. Since this

expansion is usually around 2.8Â3 for a large variety of hydrogen absorbing alloys, it



is not totally unreasonable to assume that lhe expausion is approximatdy tll<' saUll'

for the different sites in the amorphous pbast'. TIlt' t'nt'rgy of solution will of ("\llll"$<'

be dirrerent from one site to another.

vVe have a distribution of l'nergies in the amorphous l'hast' but sinn' th\' hydrogt'n

content of the amorphous phases varies slowly compart'd to the crystalline l'baSt',

especially in the plateau region, we might considet· the hydrogen conn'nl.rat.ion ron­

stant.

The model is l'quivalent 1.0 having "amorphous" sites disl't'rSl'd thronghont t.ll<'

material. The chemical pol,ential will therefore be given by:

•
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1kT 1 (P) ('f) E" k'j'I ( Ce )?' n -Il = /lo· -? +. n ~ _ - (/i,,'C,
_ 0 _ 0./ l'"

1\.'i

(i.lil)

(i.Ii:l)

•

•

where wc put again that only O.i sites pel' unit ccll of the crystalline phase arc 'H'('('ssi­

bic, Note that the configurational entropy term involves the hydrogen coneentmtion

in the crystalline phase while the interaction term involves the overail cont't'ntra­

tion, In principle, the configurational entropy term should involvc the amorphons

sites which have the same energy as the the crystalline sites, Ilowever the energ)'

distribution of amorphous sites is very broad and most of them have an enel'gy eil.het·

smaller or larger than that of crystalline sites. Only a few sites within a narrow ('n­

ergy interval have to be counted \Vith the crystalline sites and they arc nnmcrically

unimportant.

Wc may express (7.51) as:

~kTln (~) = /lo(T) - ~" +kTln (0.7c~cJ -lIin,ccfe - (lin'C,.!",

where Je and fa are the respective fractions of crystalline and amorphous ph,,",,, (Je =

1 - fa)' In order to obtain the correction to the chemical potential with respect t.o

the reference isotherm (7.48) wc must replace fe by 1- fa in (7.52):

~kTln (~) = /lo(T) - ~" +kTln (O.7c~cJ - (lintCe - lIin,(ea - ce)I,,· (7.5:1)

The correction to the chemical potential -in the formalism of equation (7.4:1) -, is

(7.51)

The expression (7.54) elegantly and very simply express the fact that the amor­

phous phase pre-expands the matrix before the plateau and resists further expansion
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a.~ t.he concentration in the crystalline phase exceeds that in the amorphous phase.

Fignre 7.21 shows the pressure-concent.ration isotherm for different amounts of amor­

phon5 phase in the materia!. Here we used c.=0.45.

The effect of the amorphous phase is stronger than what is found in the spherica!

shellmodel, probably because the amorphous regions do not have free surface in the

nniform dispersion mode!. The full effect of the expansion of the amorphous phase is

fdt by the crystalline matrix.

7.4.5 Cllemical disorder

•

Another important factor which can influence storage properties is the chemical disor­

der on the FeTi lattice. In ail our equiatomic samples the long-range order parameter

S is around 0.9. This means that the probability of finding a Ti atom on a Ti lattice

sit.e is 0.95 (see equation 6.1). The probability is the same for Fe atoms on Fe sites.

Let. us consider what happens then to the storage sites of the f3 phase (with 4 Ti

and 2 Fe 1attice sites). In the fully ordered FeTi compound we find 1.5 of these sites

pel' meta1 atom. We suppose now that S = 0.9. We also assume that there is no
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Table 7.6: NUlllhrr of l'ilch sih' peT ll1f'tal atom for .,,' = o.n.

GFdlTi O.OOOOOS'W

5F('.ITi 0.000G·I:I!)2

'IF".2Ti 0.01 S;I!Ho!)

~l Fe,:rl'i 0.2;\'10<if! 1G

2Fe,·'1'l'i 1.12î 12:1î!l

1F'e,5Ti O.II<iiIOI i

OFe,GTi 0.00:1054'11

Il î

•

•

short-range order other than that coming l'rom long-mnge ord"r. In 01.\1"1' word" th"

probability of finding the right atO\1l on the right laUice site is O.!)[" r"p;ardh'ss of tilt'

neighbolll'ing atoms. We give bclow the number of each type of sil." 1'''1' ult'tal atolll.

We disregard the precise coordination but classify sites on the basis of the nUlII1",r of

Fe and Ti atoms present. However the uumber of (fITi,21èe) sites with one or l.wo \0'<.

atoms on the Ti lattice (hereafter called "abnonnal" (4Ti,2Fe) sitl's) is v"ry slllall:

2% of the total number of (4Ti,2Fe) sites.

It is not clear what the energy of the "abnormal" (flTi,2Fe) sites would be, bul, il.

is very likely that the (6Ti) and (5Ti, IFe) sites have a potential energy lower thau

that of the normal (4Ti,2Fe) sites. We also expect the energy of the sites witb :1 ,."

atoms or more to have a higher potential energy. The (2Ti,4Fe) octahedml sit<-'S of the

intermetallic compound may also have their energies changed b:' chemical disonler.

Upon filling the sites with hydrogen, we expect the low energy sites which exist

because of chemical disorder to be occupied first. Among these, the (5Ti,1 Fe) sites

with the Fe atom on the Fe sublattice are the only which llumerically matter. 'l'heu

the normal (4Ti,2Fe) sites should be numerous enough to lill the sample up to n.7
hydrogen pel' metal atom, the concentration of the (32 phase. It is not clear how

the pressure of the plateau would i-,e affected, however the occupatiou of low energy

(STi,IFe) sites randomly located could weil prevent the formation of auy ordered

configuration of hydrogen atoms, such as the octahedrally-coordillated hydrogen sub­

lattice of the ')'-FeTiHI.90 structure. It is also certain that the reduction of the normal



storil!;" sites will translate into a further narrowing of the miscibility gap.

Wc illustrai<' 1.11" dfect of disord"r in figure 7.22 by calculating again the change to

il r<.ferenœ pressure.composition isotherm with a plateau at [2.G atm. vVe assullle that

I.IlC' Illaxillllllllnurnber of hydrogen that can be absorbed in a disordered configuration

is (J,7 1"'1' metal atom and that ail the JOli' energy sites, (6Ti). and (.STi,! Fe), are

orrllpied when we start filling the ('lTi,2Fe) sites for which wc neglect the precise

l'on figuration. Therefore in this model, at c=0.7, wc have 0.12 hydrogen l'cr mct.al

i1tOIIl in deep sites and 0.58 in normal sites. The pressure-composition isotherm is

givell by:

•
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1IJ '1 (P) 1') Bd 1·1' 1 ( x )-,.:1 n - = l'u( - - +~ n - lIin'C,
2 Pu 2 0.58 - a'

Ils

(7.55)

•

•

where X is the partial occupation of normal sites and c is the total concentration

" = 0.12 +0.58 . :r..

Wc do not really expect ail deep sites to be filled before the (4Ti,2Fe) sites start

being occupied nor do wc asse1'1. that the maximum capacity will remain at c=0.7;

our purpose here is to estimate the change in plateau pressure caused by chemical

disorder. Wc wish to compare the changes to those caused by the elastic stress. Tl'."

expansion caused by the hydrogen atoms located in deep sites is taken into account

in the concentration dependent term. The potential energy of normal sites is fixed

al. the same value as that of fully ordered FeTi. We see that the effect of chemical

disorder is to reduce the pressure of the plateau and the extent of the miscibility

gap. Thcre is also a shift of the plateau region to higher concentrations. This shift is

o1Jscl'l'cd for unrelaxed nanocrystalline FesuTiso (section 7.5 below). The reduction in

pressure is far too large with respect to the experimental observations. It is possible

that the dirrerent chemical environment of the 1011' energy sites leads to smaller lattice

expansion, a lattice contraction is el'en observed in certain metals [34]. Consequently

we may have exaggerated the interaction between the hydrogen atoms in the two kind

of sites. More experimental data would be needed to treat this problem. Howel'er the

li nm saml'le of L.Zaluski has a stronger reduction of the plateau pressure and since

il, was heated only 30 minutes at 400·C, we think that its initial long-range order

parameter S = 0.65 may not have increased to 0.9 as in our samples. The additional

chcmical disorder may be responsible for the further reduction of the plateau pressure
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• ~46/ .. Nanocl',Ystalline Fe,1O Tillo

The nanocrystalline Fe'IOTino exhibits a significantly lowel' plakan pressnre. Snppos­

ing wc acccpt the result that the composition of nanocrystals in I.his salllpi<', ;~s ca1cn­

lated using Vegard's law, is 1"c.lsTir.2 (very close 1.0 the eqnial.olllic mlllposil.ion), the

number of "deep sites" is lat'ger t.han what is found in 1"cr,nTir,u (0.18 pel' Illdal al.oln

compared to 0.12 pel' metal atom respectivcly). lIere we have nsed s=o.!) fOI' hol.h

compositions. Given that the e!fect of filling these deep stomge sites is 1.0 de<Tl'ase

the plateau pressure and shift the isothermal curve t.oward higher concent.rations, the

absorption behaviour of Fe.IUTi"u is well described by I.his very appl'Oxinlal.e 1II0dd.

The larger lattice parameter, compared 1.0 1"cr,uTir,u, may have SOIll!' effect oll \.Iw

plateau pressure. Eleetronic cfreets couId also play a l'Ole.

In this section we present our analysis of the e[fects of relaxat.ion on hydrogell sl.orage

in amorphous FesuTisu milled with palladium. The samples were made hy L. Zalnski•
~I 4 ~. ./ Rela.yation in amOl'pllOUS Fe- Ti
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i1l1cl t1", (,(JIItclIl of Ihis scctioll hils 1"'clI pll1>lished in il recenl article [IDS].

Fi!(III'<' i.~:l shows the absorption Cllrves of amorpholls Fe,.oTi,.o as-milled and after

f1IlJl('alill~ (JII(~ hotlr at ·100°. :\11 Îrreversiblc relaxation takcs place during anncaling

si lin' Il,,, absorptioll cllrve. which is a straight line for all practical purposes. is shifted

loward hi!(her pI'<'SSllres.

'l'II(' fact that rdaxation does Ilot change the slope of the isotherm but only shifls

it 10 hi!(ll('r pressures sllggests that the distribution of site energies is not changed

ill fOrln bill. only shifted 1.0 higll('r energies. i\ssuming this displacemenl is caused

l,y dClIsification, il. is possible 10 calculale lhe change in specifie volume VAl from lhe

pr"ssllre shifl of the isotherm. Wc use the same linear potential betwcen protons and

III<'I.al atOlns and hard core repulsion bctwccn protons [!J2], together with an isotropie

a11<1 diagonal force-di pole tensor and rep!acing its diagonal component P by

P=-13VI/, (i.56)

•
where 13 is the bulk modulus of i1morphous FesoTiso and Vf1 the volume expansion

l'cr hydrogcn absorbed. Wc feel justified in making use of an isotropie and diagonal

force-di pole tensor since an amorphous material has no preferred direction and, on a

scalt· larger that interatomic distances, can be considered isotropie.

lJpon relaxation, the specifie volume of the alloy decreases. We simply consider to

haV<' a material with the same c1astic constants, but with a hydrogen-metal potential

energy deneased by the amount corresponding to the change associated \Vith the

laUice expansion (or contraction in this case):

(7.57)

•

where .6.u", is the displacement of metal atoms caused by relaxation, and Wa(T) is

the potential energy of a site in the un-rela.'(ed matel'Ïal pl'Ïor to the equilibration

of neighboul'Ïng metal atoms (sce equation 2.35). The hard-core potential does not

change with expansion or contraction and the purely e1astic energy of the host alloy

(the second term in equation 2.35) has its equilibrium point at the ne\V hydrogen-free

configuration. The energy associated \Vith the relaxation enters into the first term II>

which does not affect the chemical potential of hydrogen.



The correction W",(T)' ~u,,' tl) the pott'ntial t'I\('rgy !",conl<'s, in tll<' rontinlllllll

matit'!.•
,: HYDIlOGEN STOIlAGE IN I3AI.I.-~III.I.E\) FE-TI I~I

'l'hl' tn ." of the last e,,"ation is tll<' deformation prodllCt'd hy relaxation. W" tn'at it

as a pme contraction and find

~\.

~ll = -13"11 ( T ) N,

where N is the number of dissolvt'd prot.ons.

The correction ta the chelllicai pot.ential is

( ~\!)~It = -HUll T .

( '.Ii!l)

('.tiO)

The pressure in the relaxed Illaterial colTesponding to a gi\'"n ('OnCt'ntration uf hy­

tli'ogen is related ta that for the as-made Illaterial by the exprt'ssion:

•
1"l' 1 1)' 13 ~VM 1'JI' 1 l'-h' n + VII-- = -~ n .
2 1~1 2

The change in specific volume is

~VM kT 1)
--= --In-.
"M 2BvII 1"

Using VII = 2.SÂ
3

and B=ISIGPa gives ~vMIIlM::::: -1% and ~It::::: O.O:leV.

7.5 Relaxation in nanocr,Ystalline Fe-Ti revisi tcd

(ï .Ii 1)

( ~ ("J)1. ) ...

•

The effects of relaxation on hydrogen storage in nanocrystalline Feroll'I'i"o with Pd cata­

Iyst have becn reported by onr group in a recently pllblished article [lOS]. TIlt' rl'snlts

are reproduced in figure 7.24. The dilrerence bel.ween the as-milled and anneall'd

samples is attributed ta the high level of strain and chemical disorder in Imll-nlilled

samples.

The calculated pressure-composition isotherlll of section 7.4,(i dOt'S resemble the

isotherm of as-milled FesoTir,o. at least with regard ta the decrease in plateau pl'essme

and the large initial solubility at low pressure (discussed as a shift ta higher concen­

trations in section 7.4.5). The disappearance of tÎle plateau is likely due to the l'ad
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Figure 7.24: Prcssurc-composition isothcrms of nallocrystallinc FcsoTisD with Pd catalyst measurcd
hy L. "'aluski [108]: (a) as-milled, (b) after aunealiug at 300'C for 0.5 hour, (c) at 400'C for 0.5
hour, (d) after loug aUllcalillg at '100'C.

I.hat. t.hc cncrgy distribntion of (4Ti,2Fe) storage sites can no longer be represented

hy a delta function, givcn thc disorder of thc slll'l'Ounding lattice.

Thc long-rangc ordcr paramcter of our nanocrystalline samples increases substan­

t.ially during activation, supporting the explanation ofrered in [IDS] for the change in

storagc propcrties upon rclaxation. No significant recrystallization was reported in

t.he abovc rcfcrencc. If thcre were, il. would also have the efrect of raising the plateau

prcssurc and cxtending thc miscibility gap.

7.6 H'ydl'Ogen absorption in nanoclystalline palladium

ln chaptcr 5 wc discussed thc experiments of several investigators on hydrogen ab­

sorp!ion in nanocrystalline palladium. 1'0 summarize the literature on the subject,

the cxpcriments of Mütschele and Kirchheim [63, 62] show a broad distribution of

sites linkcd 1.0 the prcsence of a large number of grain boundaries, while the experi­

mcnts of Eastman et al. [S3, 31, 23, 25] demonstrate that grain boundary regions are

not different from those found in coarse-grained polycrystalline materials, and that
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the hydrogen absorbed before th,' transformation 10 th" hydrid,' phaM' ,'xpands th,'

palladium nanocrystals.

The neutron inelastic scatt,'ring l'xpl'rimcnts of Stnhr <'l al. [ï!l]ronlirm tlH' link

between the broadening of the sil.<' enl'rgy distrihntion ilnd th" pn'M'nn' of il high

density of grain bonndaries. They propose that thl' grain bonndary sit.<'s, whil,' slill

located on lattice positions of thl' crystal, have thl'Îr "lll'rgies rhang,'d lH'rans" or

the proximity of the grain bonndary. They also snggest that, tlll' hydl'Ogen ahsori>"d

near the grain bonndary canses an expansion of the wholc IHUlonystal, nlilking il

appear in the X-ray pattern as if there were only one typ" of sitl' rorrl'sponding to

absorption into the bulk. We agrec with Stuhr ct al. that this explanation rel'oneil"s

the absorption data of Miitschcle and Kirchheim \Vith the strul'lura! ohs<'rvations of

Eastman at al. on nanocrystalline palladium.

We have several l'casons to propose fol' the modification of the energy of sit"s Ill',U'

the grain boundaries. First, strain near the grain boundaries cansed hy th<, dill'"renl,

atomic coordinations in the boundary itsclf, is likcly to extend seveml atomie lay"rs

inside the crystals. Considering that changes in density of 1% (for example in l,hl' Cll.'"

of amorphous FesoTiso), are suflicient to change the ahsorption pressure by an order

of magnitude, moderate strains near the grain bonndary may snhstantially dmnge

the energy of these sites. It is not necessary, thercfore, 1.0 postulate the existenœ

of a thick and highly disordered phase to explain the broadened energy distrihntion.

Secondly, second and third nearest neighbolll' may contribute significantly to the ehl.'­

tic constants of the metal (see equation 2.41 and rcference [28]), again the diffel'Cnt

atomic coordinations at grain boundaries probably affect the stl'Css-stmin relation

over a distance larger than the thickness of the grain boundary itsclf. Finally, mea­

surements of the vibrational spectrum of nanocrystalline materials [1001 indicate iL

change in surface or interfacial modes, which is likcly to affect the absorption on the

sites near grain boundaries.

The hydrogen storage properties of nanocrystalline palladium, seen as a network

of grain boundaries surrounding nanometer-sized grains, can very likely he modcled

using an approach similar to what we have used in our study of F,,-Ti. At the time of

writing, Eastman [24] has proposed such a mode!. We point out that the appropriate
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mathematical expressions, at least for a simplified model, have been presented here.

7.7 Kinetic propel'ties

III view of possible applications, good kinetic properties are absolutely essential. Our

group has already reported major improvements with respect to the rate of absorption

of hydrogen in storage compounds [107]. Aoki et al. [3] have also reported an increase

ill absorption rate after milling. They attribute the increase to a smaller particle

size. We report our own data here on coarse-grained FeTi and nanocrystalline FeTi.

III t.hese experiments the presstu'e was suddenly increased from 0 to 50 atm and

t.he absorption measmed. Typical absorption curves are shown on figures 7.25 and

i.2U. Figure 7.25 gives the absorption data in the first five seconds, providing the

absorption rate at low concentration. Figure 7.26, instead, gives the absorption curve

in the lirst five minutes, where both samples practically reach their maximum storage

capacity. The absorption rate at carly times (low concentration) is 0.0133 ± 0.0002

hydrogen atom pel' metal atom pel' second in coarse-grained FeTi and 0.0371 ± 0.0006

ill llallocrystalline FeTi. The absorption rate scales with the grain boundary volume

but the relation is not simply !inear. The results may indicate that the diffusion of

h~'drogen is faster along grain boundaries but they could also mean that the formation



of the hyclriclc phasc in t.lll' bnlk of crystallites l'mn'l'cI faster Ilt'ca\lsl' of llitrl'l'l'nt

Illcchanical propcl'tics.•
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CONCLUSION

Wc slIlIlllmrize here the work we have presellted. We performed two main kinds

of experiments: bail lIlilling of Fe-Ti at different compositions, monitored by X-ray

diffraction, and hydrogen storage measurements on the resulting materials.

8.1 Milling experimellts

Milling experiments on the FeTi intermetallic compound result in a rapid decrease of

t.he crystallite size and the long-range order parameter, as weil as an increase of the

strain. The final crystallite size after 20 hours of milling is 12 nm. A fraction of the

mat.erial is amorphous. This amount of amorphous phase correlates very weil with

t.he amount of oxygen contamination.

Milling a mixture of pure powders of composition Fe50Ti50 gives a similar materia1.

The diffusion of Fe in hexagonal Ti transforms it into bec Ti(Fe). Graduai enrichment

ofbcc Ti(Fe) brings it to partially disordered FeTi compound. An amorphous phase is

already present at intermediate milling times (2-5 hours). It is not clear whether this

mnorphous phase is an intermediate reaction product or the result of oxygen-induced

amorphization.

ln Dl·det· to establish more clearly the link between amorphous and oxygen contents,

we performed a series of milling experiments on mixtures of Iron titanium and iron

oxide (Fe203)' There is a linear relation between the amount of amorphous phase

and the oxygen content after 20 hours of milling. An interesting result of these

cxperiments is the decrease of strain as the average crystallite size goes below 10 nm.

ln the case of the Fe.IOTiGO composition the reactions proceed in the same manner

as with Fe50Ti50. The final lattice parameter is larger than that of the equiatomic

nanocrystalline sampie, a result of the larger titanium content. The X-ray patterns at

126



intermediate milling times c!L'ady sho\\' a hcc Fe-Ti strnrt.me \\'ilh a lallic<' paran\l'\<'r

bet.ween those of bec {i-Ti(:! al. % F,') and cnhir FcTi (CsCI strllrt.lIl'<'l.

AI'ter 20 hours of milling 1.11<' F"ni1'i":1 is complddy amorpholls. Th., nyslalliZilliull

enthalpy is slightly Im'ger than that. uf vapor-qllellchl'd Iihlls [\151.

Ball milling experiments \\'('rl' also analyzed nsing thermodYllamir caklliatiulls

performed by Zhi-Hua Yan nsing the CALPliAD mct.hod. These caklllat.iulls shu\\'

that, apart l'rom the Fe rich region, the l'l'ce energies of tlll' amorphons phase and th.,

bec phase are very close and that an almost complet,' chemical disorder is nec.'ssary in

order to have a transformation 10 the amol'phous phas,'. ln the iron-rirh region 11\1'1'<'

is a rather stable amorphous phase. This explains the l'as" 1.0 synl.I\I'size amorpholls

FC6ïTb3'
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8.2 Hydrogen storage experiments

8.2.1 Equilibrium pro]Jertics

The pressure-composition isotherm for coarse-grained FeTi is similar to what is fouud

in the literatl1re, The nanocrystalline samples however have a VCI'Y dill'en'ut 1,,·­

haviour. In the case of nauocrystalline FeTi, there is no transfol'l1ml.ion 1.0 tlll' ,­

FeTiI·I1.9o phase. The pressme of the absorption and desorptiou plateau is l'educed

and the plateau is reduced in width. The results are simitar for equiatomic samples

made either by refinement of the intermetallic compound or by medmnical alloyillg

of the pure elemental powders.

The presence of the amorphous phase was of critical importance in t.he analysis of

the hydrogen storage properties of nanocl'ystalline I;cTi. White the pl'esenee of t.he

amorphous phase modifies the sturage behavior by t.he simple redudion of t.he amount.

of crystalline material avaitable for storage, the elastic stress between t.he am01'phous

and crystalline component modifies the chemical potential. This change is responsible

for reducing the miscibility gap of the crystalline component and destabilizing the ,­

FeTi-H phase. The interaction between the two phases reduces the pressure of l.he

plateau corresponding to the transformation l'rom the ct to the (j phase.

This interaction between the amorphous and crystalline component was analyzed

using two simplified models of the microstructure. ln t.he first modcl, a spherical



shPiI of arnorpholls rnaterial covers a nanocrystal. Elasticity theory then allows to

estal,lish a relation between the Pia.stic stress and the hydl'Ogen concentration in each

ph'L"'. By 'L"lIming a constant hydrogen concentration in the amorphous phase

OVCI' the pressure range of interest we were able 1.0 give the effective pressure on the

,,,,nocrystal and calculate the indllced correction 1.0 the chemical potentia!.

The correction easily explains the destabilization of the 1 phase. It also explains

the change of the plateau pressure for the 0-{3 transformation. The sign of this change

is lIufortllnately dependent on data which arc not available concerning the absorption

properties of the amorphous phase as weil as its elastic properties. Extrapolation from

other amorphous metal-hydrogen systems leaves both possibilities open.

A similar behavior was found using a uniform dispersion modcl, where small inclu­

sions of amorphous are unifol'lnly dispersed in the materia!. The fact that nanocrys­

talline Fe-Ti does not decrepitate allows one to treat the amorphous inclusions as

"amorphous" storage sites in an otherwise crystalline materia!.

The possible effect of chemical disorder was also analyzed. The ca1culated effect

on t.he pressure-composition isotherm is much larger than the equilibrium pressure

reduction observed in our samples. However the ca1culation might apply to a 6 nm

saml'le made by L. Zaluski which was heated fol' a short time and showed an increased

reduction in plateau pressure.

Nanocrystalline Fe'IOTiou shows a further reduction of the plateau pressure com­

pared to FesoTiao. Several reasons can explain this difference: the increased number

of sites with 5 or 6 Ti atoms, the larger lattice parameter compared to the equiatomic

materials, or sorne electronic effect.

Wc also found that amorphous Feo7Ti33 absorbs hydrogen. This is totally different

from the intermetallic compound Fe2Ti which does not absorb hydrogen. The reason

fol' this difference lies in the disordered nature of the amorphous structure which

creates a wide distribution of storage energies. This amorphous alloy undergoes an

il'l'eversible relaxation upon a first hydrogen absorption-desorption cycle. A similar

behavior was found by L. Zaluski when annealing amorphous FesoTiso obtained by

milling with extra oxygen. By assuming that the relaxation of the latter alloy was

essentially a densification, we were able to estimate the change in specific volume

•

•

•
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1'1'0111 the displacelllent of dl<' prC'ssul·('·composit.ion isothel'tn al'ter n'Iaxatiun. Tu du

this we considered the chan!,:" in the ml'tal-hydru!,:l'n potl'ntia! du,' tu III<' a\'l'ra!,:,'

reduction of interatomic distanl'l's.

Finally we gave a l1lunb,'r of possihle explanations for the narrowinp; of dl,' nlisci­

bility gap in nanocrystallim' palladium. Especially, wC' strl'ss<'d th" larp;l' chanp;l's in

absorption behavior that can aris<' l'rom \'('ry mod<'rat.<' lattil'l' distortions nl'ar p;rain

boundaries.

•
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•

8.2.2 Kinetic propel'tic's

Our final word on this study is concerned with kinetic prop<'rties. The ability 1.0 ston'

and retrieve hydrogen very l'i\pidly is <'ssential 1.0 t.he futll1'<' use of metal hydridl'

reservoirs. On this point, nanocryst.alline materials arc a step in t.h<, rip;ht, dirl'ct,ion.

The absorption rate of uanocryst.alline FeTi at 1011' conccntration is alInost t.hn·e t.iml's

that of coarse-grained FeTi. The t.otal storage capacit.y is nnfortunat.dy re(ltlc('d, huI.

this may be an acceptable compromise.

8.2.3 Future expel'inwnts

The use of X-ray diffraction dll1'ing hydrogen c!mrging of nanocryst.alline sampll's

could prove useful in confirming the validity of the modcl presented lIere. For exanl­

pie, if a shift of X-ray peaks \Vas observed before there is any signilicant hydrogen

absorption in the crystalline component, it would indicat.e that t.he st.ress cansed by

the absorption in grain boundary regions is expanding the lattice.

Finally, the long-term stability of t.he nanomet.er-sized microstructure art,el' large

numbers of absorption-desorption cycles needs to be determincd in OI'dcl' t.o assess

the usefulness of nanocrystalline metal hydl'ides.
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A.l Cllcmical potcntial of llydrogcn gas.
The free energy of a system is given by

A = -kTln Z, (A.l )

wher" k is 130ltzmann's constant., T t.he temperature, and Z the partition funetion:

(A.2)

•

where i l'uns over ail states of the system. E, is the energy of state i [88].

The most simple gas consists of a single partiele without internai degrees of freedom
in a cnbic box. The energy eigenvalues are specified by three positive quantum
numbers a,b, and c:

2 2 2 112

Ede = (a +b +c )-8/2' (A.3).. ln

(h is Planck's constant, m the mass of the partiele and / the edge of the cube) [17J .

We wish to evaluate (A.2) by changing il. into an integra1. At room temperatUl'e
t.he energy step from one levcl to another is very small compared 1.0 kT, therefore we
lIlay disregard the discrete nature of the energy spectrum. We first need the density
of states, that is the number of states pel' energy unit. The number of states with
energy less than a given value is the volume of the region in Cartesian coordinates
speci lied by

a>O
b>O
c>O

2 b2 2 8m/
2 E

a + + c < 112

(A.4)
(A.5)
(A.6)

(A.7)

(we have replaced the traditional coordinates x,y,z by a,b,c). This is the portion of
the sphere of radius

(A.9)

(A.8)r=

1 (411'r3
)n(E) = 8" -3-

8m/2E

112

cOlllprised in the tirst octant. The volume of the region considered is therefore the
eighth of the complete sphere:

• 130
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/ '\
·lir ' '\/"= --(')/11 1-').•
;l/,:' - ~

_ .I;r\·(.) 1-')"/1
- :lh" -,,,.

(Ii is t.he volume of the cul)('). Th" <!l'nsily of st.ates D( "') is t.h,·n

i)"
D(/è) = !JE

_ 2;r\: (') )"/1 ",/,'- h:l ... ln VI';,

\ ;\1

(:\.Ill)

( :\. \ 1)

(:\.12)

(:\.1 :l)

The sum (A.2) becomes
l~Z=L,-it (:\. 1,1)

(A.20)

(A.\S)

(A.I!I)

(A.I;')

(A.IG)

(A.\ Î)

z=

= ['"Xl (.'-&dll
Jo

],
"" ,,!JI/. ,= ('-rr-d/!.J

u ()/~

= ['" c-fr D( B)dB
Jo
211' li "/2 ("" "fT.= --,;:;-(2m)' Jo (;-k'l' V [';dE

- ~(')~11' /"1'):1/2- h:l _"0,, •

We now consider a gas made of N identical molecules. The partition fnnction fol'
snch a gas is:•

(A.21)
N I NI NI'j., k·, .. " TIl"

wherej,k, .. ,m designate occupied state~. The factorials ,u'e introduccd t.o t.ake int.o ac­
connt the indistinguishability of identical partic1es prescribed hy quantnm lIIechanics.
The number of ways 1.0 have a given total energy is

N!

In the range of temperature and pressnre used in our laboratory, the pl'Oimbil­
il.Y of having two molecules in the same cigenstate is very small, therefore ail the
Nj!, Nk!, ... , Nm ! can be considered 1.0 be equal 1.0 1. We are left with

•

(A.22)

(A.2:1)

(A.2~)



ln 1.1", /llore ~eneral case wl",J'(' th" "''''r!\y levc1s of a sin~le molecule arc degenerat.e,
\\,(' II111st int.roc!lIce a. ractor r/l~·:•
;\; AI'I'ENDICES

)

N
,1 _.!i-
f. = - ('"' "l'" k"f'\'1 L.."

1. /.;

l:l2

(1\.25)

TI", energy of the hyd"ow'n molecnle is a sum of translational, electronic, vibra­
t.ional, and rot.at.ional t."nus. At. room t.l'Illperat.ure wc may neglect t.he c1ectronic
and vibrational excit.ations. For example t.he first excited vibrational state has an
excit.ation energy of 0.51 GOeV. Tl", rat.io of the probability of finding an l-h molecule
in t.hat state to the probabilit.y of finding it in the ground state is

(.'\.2G)

where v is the quantum number specifying the vibrational eigenstate. Our experi­
nk.Ilt.s were donc at 3051\ and l'" have k = 8.G171 X 1O-5eVI\-'. We find

l'v= 1 _ ". 10-9-.) X •
P,,=u

(.'\.27)

•
The e1ectronic l'xcitation en"rgies arc also of the order of electron-volts [8J, therefore
hydmgen molecules CiUl be considered to be in the ground electronic and vibrational
st.at.es.

The rot.ational states cannot be neglected. The first excitation energy is 7.32 x
1ll-:leV. It is of the same ordel' of magnitude as kT. The rotational eigenvalues are
specified by t.he quantum numb"r .!:

F _ .I(.! + l)h2

-J - 8-;r2[ , (.'\.28)

where 1 is t.he moment. of inert.ia of the molecule. The degeneracy of each level is

!/J = 2.1 + 1. (A.29)

Were \;Ile molecule made of dirferent nuclei an extra factor of two would have to be
included for the exchange of the two nuclei. I-Iowever in the case of two protons, the
wavefunction must be antisYll1ll1etric (because the two nuclei arc fermions) and there
will be a coupling between the 1l10lecular angular momentum and the total nuclear
spin, lifting the degeneracy [34].

Denot.ing translational eigenst.ates by the wave vector k, equation (.'\.25) becomes

•
(A.30)

(A.31 )



\Vh"rl' Eu is th" grouud sta(,' ,'u,'rp;y. Th,' lirst suululatitlll \Vas ",.duat,'d iu (:\,I!I\.
\V(' trélllsfoflll t.he' s('cond iutll i\ll ill11'gTal:•
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[

''-' .Il.!+ ""~
(2.1 + 1),- ..',,1' ".1

,u

S;r:! 1h'T
=

/ "1"

\V,, liS" Stirling's approximatioll Iill' the fadorial:

with c = 2.718:3.

The final l'l'suit for the partition flludion is:

Z -""0 1 [( ') F ('1 /'[')'1 / " S;;~ [k'l'],y
,J = C'd' - . - ... ifn'h' .... -.,..,.,--

V2;; IV IV Il'' II~

1:1:1

(:\.:I~ )

(:\,:I:n

(:\.:11)

•

lnserting (A.a5) int.o t.1ll' ,'xpressiou (A.\) fol' t.he fn'e ell<'rgy leads t.o:

A = IVEu - kT [-~ ln 2;; IV - IV ln IV + IV + IV lu (,~" (2;;1II//I')"/~S1r~I[/"'[')] .

(:\.:Ili)

Fol' the chemical pot.ential. IIsing (2.\0), \\'e obt.ain:

[1 = Bo - kT [- 2~V - ln IV + lu (:::1 (21r1llkT)*S1r~/~""I')] . (A.:17)

The first term inside the bradwt.s is uegligible wben N is large. lsolat.inA N iu t.11<'
ideal gas law

l'V = IVkT

(where P is the pressure) and insl'rt.iug in (1\,:17) we are left wil,h

, " [ ((2;;mkT)"/~81r2[(kT)2)]
Il = Eo +U ln l' +- lu [ , .

l"~

If we put
l' _ (2;;mkTr l

/
28;;2[(kT)2

U - hfi '

(A.a9) simply becomes

( I\.:IS)

(I\.:I!) )

(A.'IO)

•

l"~ I.'{'I P (A Il)Il = ~ll + '" n [Jo' .'

Taking the separate hydrogen atoms as the reference stat.e, we replace t.he grollud
st,ate energy by the negative of the dissociation energy E" of the hydl'Ogeu lIlolecu\.,;

[' k'l'I l' (A )Il = - ~,,+. n Po' A2

The value of Po at 305 K is 4.28x lOlO Pa. The dissociation energy is B" = 4A7HeV
(432.1kJjmol).
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Fiv.lm~ A.I: Peak f!lndions detNlllilH'd frolll thl' X-ray pattern of coarsc-grain~J FcTi and uscd for
littiuJ!., l'XIH'rillll'lItal peaks in patll'rns with ail iUllorphous componcllt.

A.2 Evaluation of tlw <t1l10rpllOUs content.

•
Il,'nulsl' uf the asymmetry of th.· l'xp!'rimental peaks. wc have to use the experimental
p,'aks as a funetion for tll<' fittinf; of X-my patterns if wc want to simultaneous\y
,'valnatl' tll<' intensity of the amorphous hackground.

Tu ddermine the peak fnndion wc take a pt·ak from the pattern of coarse-grained
l'l,Ti. For example the lirst pl'ak ([110]) is in the 20 degrees region. Wc assume that
tll<' int"nsity ,\1. 15 and 25 d"gr!'es is solcly due to the incoherent background which
we assnllle to be lilll'ar in that interval. Let us put that the signal of the [1l0] peak
is f;iven hy

I,,, .. k = I,r,. - (a:l' +b) (A.4:3)

wh,'re 1".,. is the experimental iutensity, I,,, ..k is the intensity of the peak, and (a.'!:+b)
is the stmif;ht line passing throllf;h the experimental poiuts at 15 and 25 degrees. I,.,.. k

is the function we used for litting oth!'r patterns. Its value outside of the 15-25 degrees
nlllf;e is se\. to ~ero (sec fif;url' A.t). The others peaks, [200], [2Jl], and [220], were
trt'ated in the saille fashion. with a suitable interval for each peak. Ali fits were
perfol'lued in the interval from 15 to 42 degrees.

Th.· calculated intensity of a peak is a convolution of the experimental peRk func­
tion with a 1.orentziRn funct.ion: ,..

1(0) = L- 1,01'(0 - :r)/,.eak(X)dx. (A.44 )

A Lorent,~ian funct.iou is giv!'n by

..1 •.1',), w. the intensity. position shi ft. and broadening of the peak are optimized by
tht' litting program.

(A.45 )
A

f.OI'(:I:) = ( 2'
1+ x-x,)

IV

•



•
.. \: AI'I'Ei"DICES

Sinn' out" peak futlctioll is Ilot ail (lllaiylicall'XIll'l'SsiOii hut a series of data IHlÎllts
frolll 1;, 10 ..12 dl'!!;r('l's. Ill<' illl\,!!;rai (:\ .. 1·1) is rl'pla<"l'd il." a SI Il Il:

/(0) = L l.or(O - .ril/,',,,kl, .. ),

II"h"r<' i l'UliS 0\'('1' 'Ill poillts frolll 1;, to ·12 (k!!;n·,'s.

Tht' total caklliated ill\"lIsit~· is !!;i\"l'II il."

1",1e = I[IIOJ + Ip""1 + Iplll + Il""''J + Z x 1"",,,,.(0) -1- <"II +d,

(:\.·It;)

(:\,Iï)

•

•

1[llliJ. the intt'nsity of thl' tll<' lirsl. I)('ak. as \\"l'll as thal. of th" thn'" ot.h,'r pmks. is
calculated from (A.4G). 1"""".(11) is I.h" ill\('lIsil.y fr"111 I.h,' ,'xp"rillll'lIl.al X-l'ay pal.t.(·rll
of the amorphous phasl'. 'l'Il<' n'Iati\'<' illl."lIsity of thl' alllorpholls <"Olllpolll'lIl., z,
is also optimized by the ('Olllput,'r, as 11"<'11 as t.!,,' parallll'tl'rS (' a11l1 d of t.!1l· lill('ar
background. Figlll'c G.IS gi\'('s 'III ('x'llupl" of sllch a lit, for lIallorrysl.allill(' 1"'""'1';',,,,

The analysis of the patt('rtls for I.ht' plll'pOSl' of dd.l'rlllillin!!; t.l1l· rrysl.allil.<· si~,' alld
strain lcvcl was dOliC on the <'XPl'I'illlt'lIt.al pal,t"I'IIS lIft.l'r slliltrll("\ioll of z x 1"",,,,.(0).
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