
MARCH 1987 

STRUCTURAL INVESTIGATIONS OF SOME METALLIC GLASSES 

BY: 

JILT SIETSMA 

Netherlands Energy Research Foundation 



ECN does not assume any liability with respect 
to the use of, or for damages resulting from 
the use of any information, apparatus, method 
or process disclosed in this document. 

Netherlands Energy Research Foundation ECN 
PO. Box 1 

1755 ZG Petten (NH) 

The Netherlands 

Telephone (0)2246-4949 

Telex 57211 



ECN-198 

MARCH 1987 

STRUCTURAL INVESTIGATIONS OF SOME METALLIC GLASSES 

BY: 

JILT SIETSMA 

Proefschrift Technische Universiteit Delft, 17 februari 1987 



7/-3-A 

The contents of this report have also been presented as a doctor'; 

thesis at the Technical university of Delft. 



ABSTRACT 

This report presents th>.- i J S U C S •~-r a study o< the structure of 

metallic glasses by afj.-s of <- j - diftrac^on and aodel 

calculations. Chapter I » v„ ir.rroductjon, n which the nature of 

•etallic glasses is ex.Ialted. t. if t'»D probK is of resolving their 

atoaic scale structure -r*. sec ov*t. 

Chapter II gives an outline c" ri. • phys:cal concept of diffraction 

experiments on disoru-»r~d sys.z o. The g.r.aly?is of the data fro» such 

*.i experiaent leads r-> the •jutr.'-itv G(-,, th? reduced radial 

distribution fucntior .rRDF*, • ït >.s creluaed with a brief review of 

the cost iaportant r-t Is that ir.teicL ro represent the aaorpiious 

structures. 

In chapfer III -he da*.* analysis ioi ten'zon diffraction experiaents is 

given. Along with thij the experiaent.I r?suïrs for aaorphous NL.-Nb, „ 

ar* presented To <.< ioensate for discreoanci.s systeaatically present 

in all experimental .suits, an addiri?..«1 <*• rrection was applied, 

aasuaL^j a hydrogen contamination of about 1 ,. 

Chapter TV presen».3 the partial rKDF s o* amorphous Felt0Nil>0B20, 

obt»lftt>d applying t *r aethod of isotope subs 'itution and adopting 

three i'Utional a> ntprions. This analys'** esulted in «.he 

observa: ions that "re Fe and Ni atoms «re ra domly distributed over the 

"metal *<"•.>* sites" md that the Ni-B r.eares neighbour distance 

distribiii ten is nr rower than that of Fe-B p irs. 

In chapter V the -suits are presented of a «tudy on experimental 

partial rRDF's fo. a large number of b;>nr, metallic glasses, with the 

use of the disordered crystal concept. T>ifn Investigation led to the 

conclusion thai: - irtually all binary gJai'st* basically have the saae 

atonic scale *tr cture, only slightly .dipt, i to the specific 

concentration an.' atomic si« ratio. T'r-> me'.ium range order 

(r .» 0.35 ow; ca;1 be regarded as a iisordrrtd DO -structure, the 
e 

crystalline stricture of e.g. Fe3B. Tie short range order tends to be 

simila. 'J that in the crystal of or respond ing composition, but only 

as far as this » compatible with "r'rt prlsmntic (DO ) medium range 

order. 

In append!< A a brief descriptlor cf the melt spinning device, on which 

most aarnpl-f were prepared, is giv.n. 



- fc -

KEYWORDS 

METALLIC GLASSES 

MICROSTRUCTURE 

NEUTRON DIFFRACTION 



- I -

CONTENTS 

I. INTRODUCTION 11 

II. STRUCTURAL INVESTIGATIONS 19 

11.1. Determination of the structure of 

non-crystalline systeas 19 

11.1.1. Scattering by disordered systems 19 

11.1.2. Structure factor and radial distribution 

function 23 

11.1.3. Bhatia-Thornton and Ashcroft-Langreth 

defini-ions for S(Q) and G(r) 26 

11.1.4. Alternative distribution functions 30 

11.2. Structural models 32 

11.2.1. Introduction 32 

11.2.2. Models of dense random packing 35 

11.2.3. Stereochemical^ defined models 40 

11.2.4. Disordered crystal models 45 

References 47 

III. NEUTRON DIFFRACTION EXPERIMENTS AND DATA REDUCTION 51 

111.1. The diffraction experiment 51 

111.2. Correction procedures 55 

III.2.I. Geometrical corrections 55 



- 8 -

biz. 

111.2.2. Diffraction angle 20 as a function of 

the channel number n 56 

111.2.3. Efficiency of the detector 56 

111.2.3.1. Efficiency as a function 

of the channel number 57 

111.2.3.2. Efficiency as a function 

of the wavelength 59 

111.2.4. Background correction 59 

111.2.4.1. General 59 

111.2.4.2. Angle dependent attenua

tion factors 62 

111.3. The structure factor S(Q) 65 

111.3.1. Introduction 65 

111.3.2. Cross sections 67 

111.3.3. Placzek correction for inelastic 

scattering 70 

111.3.4. Multiple scattering 74 

111.3.5. Magnetic scattering 75 

111.3.6. Normalization 77 

111.3.7. The structure factor of Ni W> 79 
60 40 

111.4. The reduced radial distribution function G(r) 84 

111.5. The hydrogen correction 91 

111.5.1. Indications in the literature 91 

111.5.2. The correction procedure 95 

111.5.3. Measurements on Fe#ANi#AP^ 100 
40 40 20 

111.5.4. Elastic scattering experiment 

or. Fe B 105 
80 20 



- 9 -

III.5.5. Concluding remarks 108 

References 109 

IV. PARTIAL RADIAL DISTRIBUTION FUNCTIONS OF Fe/|QNi/|0
11B20 113 

IV.1. Introduction 113 

IV.2. Theory 114 

IV.3. Experiment and total rRDF's 116 

IV.4. The partial functions S (Q) and G (r) 122 
ifH' ijv 

IV.5. Discussion 131 

IV.6. Conclusions 134 

References 135 

V. COLLECTIVE AND SPECIFIC TYPES OF SHORT AND MEDIUM RANGE 

ORDER IN METALLIC GLASSES 137 

V.l. Introduction 137 

V.2. Radial distribution functions of disordered structuresl40 

V.2.1. The r dependence of a 142 

V.2.2. Topology 145 

V.3. Results and comparison with experimental data 152 

V.3.1. Partial rRDF's 152 

V - 3 - 1 - 1 ' F e 8 0 B 2 0 a n d N i 8 1 B 1 9 152 

V.3.1.2. Ni g 0P 2 0 156 

V.3.1.3. Mn_,Si0,P_ 158 74 23 3 

V.3.1.4. Ti 6 0Ni 4 0 160 



- 10 -

V.4. The shift-effect and universality in experimental 

RDF's 164 

V.4.1. The shift-effect 164 

V.4.2. Reconstruction of total RDF's 167 

V.5. Discussion and conclusions 171 

References 176 

APPENDIX A 181 

LIST OF SYMBOLS 187 



- 11 -

I. INTRODUCTION 

Some metallic alloys can be solidified under suppression of 

crystallisation, which leads to an amorphous structure, i.e. a 

liquid-like structure in the solid state, in which the absence of 

long range order is typical. In this work the "structure" of a 

system describes the arrangement of atoms at interatomic distances 

less than 1.5 run. Metals in the amorphous state are usually 

called metallic glasses. The glass forming ability of metallic 

alloys has been the subject of many studies. A review has recently 

been given by Sommer (1985). 

Considering compositions three classes can be indicated. The first 

class is formed by the metal-metalloid glasses, mostly consisting 

of 75 to 85% transition metal (Fe, Ni, Co) and 15 to 25% metalloid 

(B, P, Si). In general metal-metalloid alloys can best be 

vitrified in a composition close to an eutectic composition (Vind 

Nielsen 1979). The second class is that of the metal-metal 

glasses, which consist of an early (Ti, Nb, Zr) and a late (Ni, 

Cu, Zn) transition metal, both in an atomic fraction of 40 to 60%. 

The third class is formed by glasses based on group II elements. 

These glasses will not be treated in this thesis. 

The most widely used process for the production of metallic glass 

is rapid solidification of the liquid alloy, in which a quenching 

rate of 105-106 K/s must be achieved. The first to successfully 

apply this method were Duwez etal. (1960), using the gun 
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technique: small droplets of e.g. AgCu were shot on the inner 

surface of a rotating copper cylinder. The same authors (Klement 

et al. 1960) reported the first diffraction pattern of an 

amorphous metal. 

During the last 25 years several other production techniques have 

been developed, not only on laboratory scale, but also for 

industrial applications. Examples are the plston-and-anvil 

technique (Pietrowsky 1963) and the centrifugal quenching 

technique (Pond & Maddin 1969). The melt spinning technique 

(Liebermann & Graham 1976), in which the melt is ejected onto the 

surface of a rapidly rotating metal wheel, is most frequently 

used. This process produces a continuous ribbon of metallic glass, 

upto widths of 300 mm (Heinemann 1985). All the glasses described 

In this thesis have been produced by the melt spinning technique. 

A number of methods to produce amorphous metalr are not based on 

rapid solidification of the melt. The most important of these are 

vapour deposition and sputtering (Dahlgren 197J ). Other processes 

are electron beam irradiation, laser beam melting and ion beam 

mixing. 

All techniques mentioned so far yield only thin layers of metallic 

glass (on the order of 10~5 m). This aspect has proved to be a 

serious disadvantage for many potential applications. Recently, 

however, a new process has been reported by Schwarz & Johnson 

(1983): the so called solid state reaction, based on rapid 
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diffusion of the different components of the alloy, at 

temperatures well below the liquid-to-glass transition 

temperature. This might offer a possibility to produce bulk 

metallic glasses. 

The main applications of metallic glasses are related to their 

remarkable magnetic properties (large permeability, small coercive 

fields, small magnetic losses), e.g. transformer cores, recording 

heads, magnetic shielding. Although also the mechanical properties 

and corrosion resistance are favourable, applications in these 

ftelds have been very limited up to now, partly due to the fact 

that metallic glasses can only be produced in very thin layers. 
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An important technique to obtain information about the amorphous 

structure is diffraction of X-rays, neutrons or electrons (Wagner 

1978). A diffraction experiment on a metallic glass results in a 

function that describes the probability to find an atom at a 

distance r from a given atom. In this thesis we will present this 

distribution in the form of the reduced radial distribution func

tion (rRDF), an example of which is given in fig. 1.1. The rRDF is 

a one-dimensional projection of the three-dimensional disordered 

structure and contains a maximum amount of information to be 

obtained from a diffraction experiment. In its calculation the 

systca is assumed to be isotropic. This experimental function can 

be expressed in terms of pair correlations and is a weighted sum 

of contributions from pairs of atoms. These features of the rRDF 

complicate its interpretation, making it inherently ambiguous. 

For the description of metallic glasses on an atomic scale, i.e. 

for the Interpretation of the rRDF, several structural models have 

been proposed, which to some extent were successful in reproducing 

the rRDF (Gaskell 1983). The most Important of these are the dense 

random packing models (Bernal 1964, Finney 1970, Bennett 1972) and 

the stereochemically defined model (Gaskell 1979). A disordered 

crystal, based on the para-crystal by Hosemann & Bagchi (1962), 

has been used by Faigel et al. (1980) and Aur et al. (1982). 

However, none of these models has given a full description of the 

amorphous structure. 
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In spite of many structural investigations (see e.g. Gaskell 1983) 

the atomic scale glass structure has so far not been satisfactory 

described. The investigations described in this thesis have been 

carried out in order to further develop the insight of the struc

ture of metallic glasses. In this study the reduced radial 

distribution functions of several glasses have been determined by 

means of neutron diffraction. 

A brief review of the physical concept of diffraction experiments 

on glasses and the existing structural models is given in chapter 

II. The glasses for the diffraction experiments were produced on a 

melt spinning device. This device will be described in appendix A. 

A description of the experimental set-up and the analytical 

procedures to derive the rRDF from the measurements is given in 

chapter III. In this chapter the corrections, necessary to account 

for disturbing influences in the experiment, are given, using 

experimental results of Ni Nb, as an example. The results of 

Ni Nb, and other glasses indicate a hydrogen contamination of 

the specimens. A simple procedure to eliminate spurious effects of 

hydrogen scattering is presented, for which additional experiments 

on Fe, Jïi, P„^ and Fe„ B,„ were performed. 
40 40 20 80 20 

As mentioned before, the experimental ("total") rRDF has a com

pound character. The binary correlations between types of atoms 

are represented by the partial rRDF's. Using the isotoplc 

substitution method, we have determined partial rRDF's for the 

ternary glass Fetn
N1/.n

B
70»

 thus &ainin& a more detailed picture 

of the structure. The results will be given in chapter IV. 
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In orde* to come to a better interpretation of the rRDF's, an 

extensive study was carried out on the disordered crystal model. 

In chapter V the para-para-crystal is introduced, which is used in 

a comparative study for a large number of binary glasses. In this 

study mainly the partial rRDF's are considered. 
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II. STRUCTURAL INVESTIGATIONS 

II.1. Determination of the structure of non-crystalline systems 

Because of the absence of long range order in a glass it is not 

possible to describe its structure by a periodic repetition of a 

small unit cell, as can be done for a crystal. However, a number 

of techniques can be used to acquire information about the 

structure of glasses, e.g. NMR (Durand 1981), EXAFS (Gurman 1985), 

Mo'ssbauer spectroscopy (Gonser 1975) and diffraction. In this 

section we will give a brief outline of the most important 

definitions and equations involved in a structure determination by 

means of diffraction experiments. This leads to a description of 

the amorphous structure in terms of the partial atomic densities. 

The formulae given in this section also apply to liquids. They 

have been taken from Warren (1969) and Wagner (1978), to whom we 

refer for a more elaborate description. An elegant description has 

also been given by Guinier (1963). 

II.1.1. Scattering by disordered systems 

When a collection of atoms is irradiated by X-rays, neutrons or 

electrons scattering occurs. This will result in a scattered 

wave with an amplitude A(Q), relative to the incident field, given 

by 

A(Q) - Z f0 (Q) --xp(-i Q.Ra). (II.1) 
a 
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In this equation Q is the scattering v*ctor, which is the 

difference of the «rave vectors of the incident and the scattered 

radiation. The summation extends over all atoms in the sample, 

f (Q) is the scattering amplitude of atom a and R its position 

vector. Eq. (II.1) is valid for any collection of scattering 

objects. The resulting intensity I(Q) is proportional to the 

complex square of A(Q) averaged over the duration of the 

experiment. Disregarding numerical factors and assuming stationary 

atomic positions, one gets 

I(Q) * A(Q) A*(Q) - Z Z f (Q) f*(Q) exp (-i Q . r ) . (II.2) 
a 0 a 0 afJ 

An asterisk denotes a complex conjugate (from now on we will 

consider real scattering amplitudes and therefore leave out the 

asterisks). The difference vector (R - Rfl) has been replaced by 

r g. We can separate the summations of eq. (II.2) into two parts, 

namely one where a and 6 denote the same atom and one where a * (5, 

This results in 

KQ) - Z f*(Q) + E f (Q) E f (Q) exp(-i Q.r ). (II.3) 
a a 0*o 

For a homogeneous specimen the average number of 8 atoms in a 

volume element dV positioned at a distance vector r from an c 
P 

-» 
atom, can be written as p „(r)dV„. The summation over the 0 atoms 

06 P 
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can then be replaced by an integration over the voluae V of the 

sample: 

ICQ) - I £ <Q> + S fa(Q> ƒ f ($) p (J ) 
a a V 

exp(-i Q.ra6)dV3. (II.4) 

If the sample is isotropic, which seems to be a reasonable 

assumption for amorphous systems, one can average over all 

possible directions for r . and replace the vectors by scalars. 

The expression for the scattered intensity then becomes 

K Q ) = Z f*(Q) + £ fa(Q) / fB(Q) Pag(r)
 l 4 J ^ E 4irr2dr, 

a a 0 

(II.5) 

where r denotes the distance from the atom a, and D the maximum 

interatomic distance within the sample. In a diffraction 

experiment one has, for elastic scattering, Q»(4nsin 9)/A with 26 

the scattering angle and A the wavelength of the radiation. The 

summations in eq. (II.5) still run over all individual atoms. When 

all atoms are identical the summation can be replaced by a 

multiplication by N, the total number of atoms in the sample. In a 

multicomponent system the atoms of each species are grouped and a 

summation over the different atomic types (denoted by the 

subscripts i and j) remains. The occurrence of different Isotopes 

for an atomic type will, in neutron scattering, give rise to an 
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incoherent scattering contribution. In the further data reduction 

the incoherent scattering is subtracted and it will therefore be 

left out of this discussion. The partial density p (r) is 
at» 

replaced by P..(r), which has the same significance, but now 

refers to i-type and j-type atoas. The intensity per scattering 

atom Ia(Q) (-ir'KQ)) becoaes 

I <Q) 
3 

D 
E c. f*(Q) + I c . f .(Q)I ƒ f .(Q) e . . ( r ) s l ° ^ » , r

2 dr 
i i j 0 J 3 ^ 

1 1 D P f < ( r ) 

- <r(Q)> + J l I c c f (Q)f (Q) ƒ "7 1 4wr sin Qr dr, 
M j J J oj 

( H . 6 ) 

where c is the solar fraction of component 1 and <• ..> denotes 

averaging over the composition of the sample. Since we are usually 

not Interested In the scattering contributions at very low Q, we 

will subtract the so-called volume scattering term, which only 

occurs at very small diffraction angles. This leads to 

I (Q) 
a 

2 1 ° P H ( r ) 

<f (Q)> • ó £ 2 c.c.f (Q)f (Q) ƒ 4wr (—* o > sin Qr dr 
M] J 3 o J 

(H.7) 
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in which P is the average atoaic density in the saaple. Now D can 

be replaced by •, if p (r)/c. - p for r > D, which condition 
lj 3 0 

should be fulfilled for a hoaogeneous, disordered speclaen. 

Froa this relaticn between scattered intensity and atoaic position 

distributions it can be understood that the scattered intensity is 

P (r) P (r) 
deterained by binary spatial correlations. Since — - * —* , 

Cj Ci 

by definition, the scattered intensity froa an n-coaponent alloy 

is the sua of the contributions froa — n (n+i) partial atoaic 

density functions. This fact plays an laportant role in che 

interpretation of diffraction results. In the following sections 

we will coae back to this issue in «ore detail. 

II.1.2. Structure factor and radlal_distribution function 

To siapllfy the notation of eq. (II.7) the partial reduced radial 

distribution function G. ,(r) is defined as 

Ci;j(r) - 4*r (-« p o). (II.8) 

The sine Fourier transform of G (r) is called the partial 

Interference function Fj*(Q), 

F (Q) - / G (r) sin Qr dr, (ïl.9) 
^ o ^ 
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and the total interference function F(Q) is defined as a weighted 

2 
sua of F. .(Q), normalized with <f(Q)> , the square of the average 

scattering amplitude. Eq. (IT.7) then becomes 

I (Q)-<f (Q)> c c f (Q)f (Q) 
Q ( _ , . z z J J F (Q) = F(Q). (II.iO) 

<f(Q)> i j <f(Q)> 1 J 

Instead of the interference function F(Q) one generally uses the 

Faber-Ziaan (1965) structure factor S(Q), 

S(Q) - 1 + f^ 2 i. (11.11) 

The Fourier transform of F(Q) yields a function in real space that 

is called the reduced radial distribution function (rRDF), denoted 

by G(r), 

G(r) - \ ƒ Q (S(Q) - 1) sin Qr dQ. (H-12) 

The partial structure factors S (Q) are related to F..(Q) by the 

analogue of eq. (11.11). The weighting factors in eq. (11.10) are 

denoted by W^.(Q): 

c.c.f.(Q)f (Q) 
H. ,(Q) - - * - " r* • dl.13) 
1J <f(Q)>Z 

By coabining eqs. (11.10) and (11.11) the relation between 
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scattered intensity and structure f.-ctor becomes, 

I (Q) - «f (Q)> - <f(Q)> ) 
S(Q) - — = . (11.14) 

<f(Q)> 

The intensity per scattering atom I (Q) can be obtained from the 
a 

experimental intensity (after correction of the raw data for a 

number of spurious effects, see chapter 111) through a 

normalization based on the so-called sum rule, which requires 

that 

ƒ Q 2 (S(Q) - 1) dQ - - 2*2po . (11.15) 
o 

This rule readily follows from eq. (11.12) and eq. (11.8), which 

indicates that G(r) - -4irrp for r • 0. 
o 

A combination of the eqs. (II.9), (11.10), (11.11), (11.12) and 

(11.13) leads to the exact relation between the rRDF and the 

partial rRDF's, 

G( 

OD 

r) - Z Z G (r) * {£ ƒ W (Q) cos Qr dQ} (11.16) 
i j o 

in which * denotes convolution. In most cases the weighting 

factors W (Q) depend only slightly on Q. Therefore we can apply 

the Warren-Krutter-Morningstar (1936) approximation, 
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G(r) - I Ï B (O) G,,( r)' (H.17) 
1 ] ] J 

For nuclear neutron scattering this relation is exactly fulfilled. 

For X-ray diffraction eq. (11.17) is equivalent to taking the 

atomic numbers of the elements as their scattering amplitudes. 

Eqs. (11.14) and (11.12) indicate how the rRDF can be obtained 

from a diffraction experiment. For a multicomponent system, 

however, this function is a sum of a number of functions G (r). 

The weighting factors for these partial functions (eqs. (11.13) 

and (11.17)) show that different functions G(r) will be obtained 

by neutron and X-ray diffraction. The problem of deriving G..(r) 

from G(r) is dealt with in chapter IV. 

In this thesis we will normally use the Faber-Ziman definitions 

for partial and total functions, which are given above. In the 

following section alternative definitions for the structure factor 

and the rRDF will be given. Wherever these other functions are 

used, it will explicitly be Indicated. 

11.1̂ .3. Bhatia-Thornton and Ashcroft-Langreth definitions for 

S(Q)_and_G(r) 

As an alternative to the Faber-Ziman definition of the structure 

factor (eq. (11.13)) the following definition, due to Bhatia & 

Thornton (1970), is often used to circumvent problems for 

null-alloys «f(Q)> - 0), 
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BT I » ( Q ) 

S (Q) = — f . (11.18) 
<f (Q)> 

BT 
Since S (Q) is generally different from S(Q), eq. (11.12) yields 

BT 
a different rRDF, too. This will be denoted by G (r). 

Two different schemes have been proposed for the partial functions 

related to the Bhatia-Thornton totals. First we will discuss the 

Ashcroft-Langreth (1967) partials, which are more closely related 

to the Faber-Ziman formalism. The Ashcroft-Langreth partial 

AL 
structure factors S^^(Q) are given by 

S B 1(Q) - Z Z 1 1 % ] S^(Q) . (11.19) 
i j <f (Q)> J 

AL 
The relations between the Ashcroft-Langreth partials S (Q) and 

the Faber-Ziman partials S^.(Q) are 

AL 
S±1 (Q) - 1 + ct ( S ü (Q) - 1) (II.20a) 

and 

S i j ( Q ) " c \ / 2 c ) / 2 (SijW> " *> <1+^>» (II.20b) 

and similarly for the partial rRDF's. 

Basically these two sets of partials have the same meaning: the 

only difference is found in the concentration dependent 

normalization factors. 
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A different approach is given by the Bhatia-Thornton partial 
RT RT RT 

structure factors S-^Q), S„ (Q) and S (Q), also called the 

number-concentration structure factors. For an n-component system 

the following expression gives the relation between these partials 

BT 
and S (Q): 

BT BT °"1 2 <f(Q)> ( fl ( Q ) " fn ( Q ) ) RT 
SBT(Q) - sg(Q) + Z ji = s £ (Q) + 

1-1 <f (Q)> 1 

n-1 n-1 (f (Q) - f (Q)) (f (Q) - f (Q)) 
+ Z I —* a-; 3 S SBT (Q). 

i-1 J-l <f (Q)> Ci°j 

(ÏI.21) 

BT BT 
The number-concentration correlation functions G ^ r ) , G ^r) and 

BT 
Gc c (r) are derived from these partial structure factors by 

GNN(r) " 7 ' Q (SNN (Q) " 1} 8in Qr dQ (H.22a) 
o 

G l l (r) " £ / Q S l l (Q) 8ln Qr dQ (II.22b) 

Cc' C j
( r ) " f / Q (S"Cj

(Q) " tCi6ij * V j » 8ln * d^ 

(II.22c) 
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BT 
where <5. . is the Kronecker symbol. GmT(r) is called the 

ij NN 

number-number correlation function and expresses the topological 

BT 
order in the system. G (r), the concentration-concentration 

cicj 

correlation function, describes the chemical order between i-type 

and j-type atoms. The number-concentration correlation functions 

BT 
G„ (r) owe their structure to the difference in size of the 
NC 

different atom:?. The BT-partials are related to the Faber-Ziman 

partials by the following equations: 

BT 

RT 
S„: (Q) - c. [Z c.S,,(Q) - E £ C.C.S.. (Q)} (II.23b) > (Q)= C i lEcjSij(Q)-Z£CjckSjk(Q)} 

i j j K 

S c V ( Q ) • 5 i j C i - C l C j + C i C j { S i j ( Q ) - ^Ck ( S k i « » + 

1 J It 

+ Skj(Q)) + I I ckc£SR£ (Q)}. (11.23c) 

For binary alloys many authors use a concentration-concentration 

structure factor "S fQ)", which oscillates around unity. This 
cc 

structure factor is in fact equal to 1 + S (Q)/(c c ). 
clc2 l 2 

To complete this section we mention the relation between S .(Q) 

BT 
and S (Q), 
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BT <f(0)>* c c f (Q)f (Q) 

sB1(Q) - (1 -±BHH_) + z E 3 1 — 3 — s f . ( Q ) . (H.24) 
<fZ(Q)> 1 j <fZ(Q)> 1 3 

In the Warren-Krutter-Morningstar approximation the same relation 

is valid for the rRDF's. 

II.1.4._Alternatlve distribution^functions 

In this thesis the structure of a metallic glass is described by 

its reduced radial distribution functions. Frequently two related 

functions are used in the literature: 

1) The pair correlation function g(r) 

The pair correlation function represents the ratio of the local 

and the average atomic density. It is defined by its partials 

g l j(r), 

and eq. (11.16) applied for g(r). Note that g(r) is dimensionless, 

-2 
whereas the rRDF has dimension 1 (eq. (II.8)). The relation 

between the pair correlation function and the rRDF is given by 

*ij<r> - 1 + 4 7 r 7 ~ ' (1I*26) 

which can also be applied without the subscripts lj. At large r 

the pair correlation function displays less detail than the rRDF. 
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1000 

Figure II.1 : Three distribution functions of Ni Nb/rt, obtained 
60 40 

by neutron diffraction: 

(a) reduced radial distribution function G(r) 

(b) pair correlation function g(r) 

(c) radial distribution function J(r) 
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In figure II.1 the neutron g(r) of amorphous Ni Nb can be 
60 40 

compared with the rRDF. The former has been calculated from the 

rRDF by means of eq. (11.26), with p « 69 nm~3, which was 

determined from the initial slope of the rRDF (eq. (II.8)). 

2) The radial distribution function J(r) 

Another representation of the number density of atoms at an 

interatomic distance r is given by the radial distribution func

tion (RDF). The definition of its partials Jt1(r) is 

J1;j(r) - 4*r
2p (r), (11.27) 

and eq. (11.16) also applies here. The dimension of the RDF is 

1 . It can be calculated from the rRDF by 

Ji;j(r) * 4nr
2po + r Glj(r), (11.28) 

in which again the subscripts ij can be left out. J(r) oscillates 

2 
around 4irr p (fig. II.l). 

In this work we have chosen to use the rRDF G(r) and its partials 

according to Faber-ZIman for the description of the amorphous 

structure, because in our opinion these give the clearest and most 

detailed view of the structure. 

II.2. Structural models 

IIi2ili_Introduction 

As a consequence of the topological disorder in a metallic glass 
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the description of the amorphous structure can only have a 

statistical character. All accessible information is contained in 

the distribution functions introduced in section II.1. As a result 

it is practically impossible to form a complete 3-dimensional 

picture of the structure, especially since one normally deals with 

multicomponent systems. For such cases it has often been attempted 

to model the structure and compare rRDF's calculated for the model 

with the experimental ones. In this section we will outline the 

most widely known types of models as an introduction to chapter V 

of this thesis, where a new concept will be presented. The models 

will be discussed in terms of the radial distribution functions. 

For this section we will follow a review paper by Gaskell (1983), 

which provides a clear description of the existing models of 

metallic glasses. 

The first model (Dixmier & Dol 1963) describes a metallic glass as 

consisting of microcrystallltes with grain sizes of the order of 

1-2 nm. The broadness of the peaks in the diffraction pattern of 

an amorphous metal is interpreted as a consequence of both size 

broadening (because of the extremely small size of the 

crystallites) and strain broadening (due to strains necessary to 

accommodate the grain boundaries) of the crystalline Bragg-peaks. 

On this basis calculations can be made of the grain sizes and 

strains In metallic glasses. A problem that has never been solved 

for the mlcrocrystalllte models is the structure of the grain 

boundaries. Since in crystallites of these small dimensions the 

majority of the atoms lies on the surface, the grain boundaries 

are not only decisive for the structure over interatomic distances 
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larger than the grain size» but they are also very important for 

the structure over smaller distances. Therefore the description of 

the interfacial structure is of crucial importance for the success 

of the microcrystallite models. Cargill (1970a) has examined these 

models, comparing several properties with those of electro-

deposited amorphous NIP in several compositions. Using the f.c.c, 

h.c.p. and Hi P.structures he did not succeed in reproducing the 

structure factor of amorphous NiP without contradictions between 

the densities and crystallization energies of model and glass. 

Moreover, the mlcrocrystalline model is in conflict with 

Differential Scanning Calorimetry results, which for many glasses 

show a reversible glass transition (e.g. NiPdP, Schluckebier & 

Predel 1981) at a temperature below the crystallization 

temperature. 

The microcrystallite model still has unsolved shortcomings in the 

description of the amorphous structure and was more or less 

abandoned after the introduction of more promising models, such as 

those obtained by random packing (DRP, Bernal 1964, Finney 1970). 

More recently the stereochemically defired model was introduced by 

Caskell (1979). A different type of model is derived from the 

concept of the para-crystal (Hosemann & Bagchi 1962). This 

semi-mathematical concept was first used by Faigel et al. (1980) 

to reproduce the pair correlation functions of metallic glasses. 

The para-para-crystalline model (chapter V of this thesis) is a 

variation on this model, which we have recently developed. 
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II.2.2. Models of dense random packing 

In the dense random packing (DRP) models the amorphous structure 

is built by randomly stacking spheres in such a way that a close 

packing is obtained. Chemical effects, i.e. specific interactions 

between different types of atoms, are not taken into 

account. 

In an attempt to model the structure of a simple liquid, Bernal 

(1964) was the first to introduce a DRP model. He actually built 

the model by placing metal balls into a rubber bladder, kneading 

it to simulate a relaxation process, and determined the positions 

of the "atoms" after fixating them with black paint. He showed 

that it is possible to build a randomly packed structure (with a 

density comparable to that of experimental samples) that does not 

contain any crystalline regions. Analysis of the shapes of the 

cavities occuring in the model showed the presence of only five 

different types of polyhedra with triangular faces (formed by 

three adjacent atoms). The idealized forms of these five (the 

"Bernal holes") are displayed in figure II.2. 

Finney (1970) calculated an accurate rRDF of a DRP model. His 

model consisted of 7994 randomly packed, identical spheres. The 

packing density (n - 0.6366) is about 10% lower than for metallic 

glasses (n-0.70, Luborsky 1979), but the rRDF shows some 

characteristics of the experimental rRDF's, such as a shoulder on 

the second peak. Cargill (1970b) compared Finney's rRDF with his 

own experimental rRDF of amorphous Ni P and found an 
76 24 

encouraging agreement (figure II.3). The approximate peak 



-36-

Figure II.2 : Polyhedral holes In a DRP cluster of equal-sized 

spheres (after Bernal (1964)). 

O) 
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Figure II.3 : Comparison of Finney's (1970) DRP model with the 

experimental pair correlation function of 

amorphous Ni,,P,. (Cargill 1970b). 
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positions and heights of the model and the experimental rtDF 

correspond fairly «ell, although there is a major difference in 

the height ratio of the two suopeaks of the second peak. A com

parison of Finney's one-coaponent aodel with Cargill's 

two-coapon*nt glass is possible, since Cargill's experiaental rtDF 

was obtained by X-ray diffraction and is therefore mainly 

determined by the positions of the Hi atoms (eq. (11.13)). These 

are reasonably well reproduced by the model, although the model 

does not account for the influence that metalloid atoms have on 

the positions of the Ni atoms. 

Using the Bernal holes (fig. II.2) Polk (1972) extended the DRP 

aodel to binary systems. As almost all model builders did after 

him, Polk concentrated on Metal-metalloid (Mm-) glasses. An 

octahedral cavity (fig. II.2b) can accommodate a small (metalloid) 

atom with a diameter 0.42 times that of the large (metal) atoms. 

The three larger cavities (fig. II.2c,d,e) can contain atoms with 

a diameter 0.68 times that of the metal atoms. This latter value 

coincides with the diameter ratio for many Mm-glasses. Bernal had 

already reported the frequency of occurrence of these cavities, 

which indicates that a large hole occurs for every 3.38 metal 

atoms. Filling of all these holes with metalloid atoms yields a 

composition of 79Z metal - 21Z metalloid, in good agreement with 

the usual composition range of Mm-glassas. Another advantage of 

the Polk model is that it excludes metalloid-metalloid nearest 

neighbours, an experimental fact found for many Mm-glasses (e.g. 

Sadoc & Dlxnier 1976) after resolution of the partial distribution 

functions. Although Polk devised a way to introduce aetalloid 
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atoas into the DRP structure and obtained a aore realistic 

density, he did not laprove the correspondence between the aodel 

rtOF and the experiaental rRDF. 

Bennett (1972) developed a coaputer prograa to construct a DRP 

structure. Starting with a seed of three atoas placed in a 

triangle, Bennett used two different criterion» to sequentially 

deposit additional atoas: the "local" criterion, according to 

which an «ton is added to the surface of the cluster at the site 

where the largest pocket between three atoas occurs, and the 

"global" criterion, according to which an atoa is added at the 

site that is the nearest tr- the centre of the cluster. In 

coaparlson with the pair correlation functions of Finney's aodel 

and of aaorphous HIP, clusters built according to the global 

criterion yielded aore realistic results than those built 

according to the local criterion. Bennett's RDF's show the 

required splitting of the second peak, but with the second subpeak 

being too high in coaparison with the experiaent, even aore than 

Finney's. The density of the global criterion cluster decreases 

with its diaaeter, reaching an extrapolated packing fraction 

n-0.61 for very large clusters. The local criterion clusters had 

an even saaller packing fraction. 

Sadoc et al. (1973) Introduced a coaputer built DRP structure, 

allowing different atoaic sizes, which reproduces the experiaental 

pair correlation function of Ni P fairly well. In the building 
85 15 

algorithm aetalloid-aetallold nearest neighbours were avoided and 

a aetalloid-aetal coordination lumber of 9 was favoured. 
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In all DRP models the atomic density is considerably smaller than 

in actual glasses. To reach higher densities, relaxation processes 

were imposed on the original, static structures. Host frequently 

Lennard- Jones or Horse potentials were applied for energy 

minimization. In this way von Helmendahl (1975) relaxed Bennett's 

structure, obtaining a more realistic pair correlation function, 

not only for the ratio of the two subpeaks of the second peak, but 

also for the height and width of the first peak. Boudreaux and 

Cregor (1977) reached a good agreement between experimental and 

calculated structure factors for Pd„„Si„„, with a correct density 
80 20' 

of the model. 

As already mentioned in the comparison between Cargill's 

experimental RDF and Finney's model RDF, total distribution 

functions do not represent the structure in full detail. A 

comparison of partial distribution functions provides a more 

powerful test of the model. Fujiwara and Ishii (1980) constructed 

a DRP model of 1600 atoms for Fe, P_ . The static structure was 
76 24 

relaxed with Morse potentials. The pair correlation functions of 

this model, both total and partial, were compared with 

experimental values by Waseda and Chen (1978) and Fujiwara et al. 

(1981). The correspondence between model and experiment was 

considerably worse for the partial rRDF's than for the totals. 

Especially the metalloid-metalloid partial showed a poor 

correspondence with the experimental function. 

Although the DRP models reproduce the experimental RDF's to a 
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great extent, they have not entirely revealed the real nature of 

aaorphous aetals. The models fail to give a clear picture of the 

local atomic arrangements in the structure. Moreover discrepancies 

still exist between experimental and model RDF's; this is 

especially true if the partial RDF's are considered. 

II.2.3. Stereochemically defined models 

The resolution of partial RDF's for metal-metalloid glasses (e.g. 

Sadoc & Dixaier 1976) has yielded specific information about the 

local surroundings of both types of atoms. This information could 

(a) 

(b) 

Figure 11.4 : Elementary unit of the DO structure (a) 
e 

and the DO., structure (b) in stereo pairs. 
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not satisfactorily be reproduced by the DRP models. This initiated 

the search for a nev type of model. In the crystalline structures 

of metal-metalloid compounds of which the composition corresponds 

with that of Mm-glasses, two main types of local coordination of 

the atoms are found: almost all M m-crystals (M=Fe, Ni, Co, Pd,.., 

m=B,P,Si,..) have either the orthorhombic DO..-structure (Fe_C) or 

the tetragonal DO -structure (Fe,P). In both structures the 
e' 3 

metalloid atom is surrounded by 9 metal atoms forming a distorted 

(DO ) or practically undistorted (DO,,) capped Trigonal Prism 
e 11 

(T.P.)- Pig* II•* shows the structural units of these crystals. 

Gaskell (1979) considered the T.P. as the "elementary unit" in his 

so-called stereochemically defined model for the structure of 

Pd Si . He assumed the immediate surroundings of each Si-atom in 

the glass to be identical to that in Pd.Si, since these are 

determined by the chemical interactions between neighbouring 

atoms, which are not strongly influenced by the long range 

organization of the material. On this basis Gaskell constructed 

the Trigonal Prism Packing (TPP) model, in which T.P.'s are packed 

in a way that partly corresponds to the packing order in a 

DO.1-structure. In fig. II.5 is shown how a new T.P. is added to 

one of the three rectangular faces of an existing T.P.. Since for 

each new T.P. four metal atoms and one metalloid atom are added, 

the final composition of the model cluster is M„ or , which is in 
v 80 20 

accordance with most Mm-glasses. In such a cluster, however, holes 

are created between the T.P.'s that are too large to yield a 

realistic density. Moreover, an undistorted T.P. can only 

accommodate metalloid atoms for which the diameter ratio 

* Strukturbericht notation 
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Flgure II.5 : Packing of trigonal prisms in Gaskell's (1979) 

prismatic packing model. 
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Figure II.6 : (a) Partial RDF's for the TPP model for amorphous 

Pdg0Si20 (Gaskell 197'. 

(b) Partial RDF's for the DPP mo»! \ i,«- the *ame 

author. Jc.c.(r) is virtually equal to the one 

shown in (a). 
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p (=d /d) is less than 0.53, while for most Mm-glasses p^O.?. 

Gaskell relaxed the structure by applying Lennard-Jones 6-12 

potentials, maintaining the two M-m distances of the capped T.P. 

as fixed quantities. After this relaxation the density of the 

cluster was found to be approximately equal to the experimental 

density of P d R n
S i

9 n« The partial RDF's of the model are shown in 

fig. 11.6a. In these functions the strong splitting of the first 

peak of J.,,_,(r) and the absence of pronounced peaks in J„.„.(r) 
rdSl SiSi 

are remarkable. Since no experimental partials of amorphous PdSi 

were available Gaskell compared the neutron RDF for his model with 

the experimental one. From this comparison it was found that the 

immediate surroundings of Si atoms in the model contain too few Pd 

atoms. To compensate for this Lennard-Jones potentials with only 

one equilibrium M-m distance were applied. The partial RDF's 

J (r) and Jpjcf(r) f o r t h i s Distorted Prism Packing (DPP) model 

are shown in fig. II.6b. J (r) is not shown, since it is 

practically equal to the one of the TPP model. Only Jp.Q.(r) has 

changed considerably. It now has a symmetrical first peak, 

indicating the presence of 7.0 Pd atoms within a distance of 0.265 

nm from a Si atom (5.9 for TPP; 6.7 experimentally), and 8.9 

within the entire first peak (same value for TPP and 

experimentally). The DPP relaxation results in "less well-defined 

coordination polyhedra with more than six neighbours in the first 

shell" (Gaskell 1979, p. 217). 

The necessity to relax the model cluster has the unfortunate 

side-effect of weakening the concept of well-defined elementary 
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units. This was shown by Lan9on et al. (1984), who built a DPP 

cluster of 1003 Pd and 251 Si atoms. Before relaxation the density 

was 7 g/cm , which is about 332 less than the experimental density 

of amorphous Pd Si . Upon relaxation the density increased to 

10.8 g/cm3 and the relaxation had a great influence on the 

structure. Lancon describes this as a "full reorganisation" and a 

"destruction of prismatic units". It is therefore only to a small 

extent that a DPP cluster still contains characteristics of the 

original prismatic structural unit. 

Partly under the influence of Gaskell's ideas several comparisons 

between glasses and their corresponding crystals have been 

performed experimentally. Practically all studies, however, were 

done for Mm-glasses with techniques that only probe short range 

order (e.g. photoemlssion spectroscopy on FeB by Paul & 

Neddermayer (1985), NMR on NIB by Panissod et al. (1983)) or by 

regarding only the first peak of the RDF (e.g. Gardner et al. 

1985). 

An Mm-glass of a rather unusual composition ((RuZr) B ) was 

investigated by Mehra et al. (1983). The authors examined the 

first four peak positions of the X-ray rotal RDF, and succeeded in 

reproducing these by calculations for a model that was constructed 

by stacking T.P.'s in a way related to the stacking in crystalline 

RuB , rather than according to Haskell's algorithm. 

These comparitive studies all show similarities between the 

amorphous structure and the crystalline structure of comparable 
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composition. It should be remarked, however, tha: the majority of 

these studies do not involve distances longer than a few atomic 

diameters, and that all the crystals concerned basically have a 

trigonally prismatic structure unit. 

II.2.4. Disordered crystal models 

The similarities found between glasses and corresponding crystals 

(section II.2.3) form the basis of models in which the glass 

structure is regarded as a disordered crystalline structure. In 

this concept "disorder" means that there exists uncertainty about 

whether or not an atom is found at a certain distance r from 

another atom. In a disordered structure like a metallic glass this 

uncertainty increases with r, which is seen in the rRDF as a 

decrease of the peak heights with increasing r. The first 

disordered crystal was introduced by Hosemann & Bagchi (1962), and 

was given the name para-crystal. To build a para-crystal one 

starts with a perfect crystal and introduces disorder by taking 

the nearest neighbour vectors no longer equal to the crystalline 

•* • + - * • + 

vector r-, but to r. + e, with c drawn from a distribution with 

2 
mean value 0 and variance o.. Under the assumption of isotropy the 

vectors r. and e can be replaced by the scalars r. and e. The 

uncertainty in the nearest neighbour distances introduced in this 

way leads to an increasing disorder over larger interatomic 

distances. Larger distances r can be described by distributions of 

2 
variance a (r), which is proportional to r. Hosemann & Bagchi did 

not consider metallic glasses, but the idea >f the para-crystal 

was used by Faigel et al. (1980, 1985) to model experimental RDF's 
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of FeB ( f ig . TI.7) and FeNiB. 
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Comparison of the experimental neutron rRDF for 

Fe B with a model rRDF calculated for Fe B + 

fcc Fe (Faigel & Svab 1985). 

Proportionality of o (r) with r, which is the result of the para-

crystal, produces RDF's for the disordered crystals that contain 

too much structure at large r (Aur et al. 1982, 1984, Thljsse & 

2 2 
Majewska 1985). If o (r) is taken proportional to r , better 

agreement with the experimental results for metallic glasses Is 

obtained. Thijsse & Majewska introduced the name para-para-

crystallinlty for such a disordered crystal. The physical basis 

for the para-para-crystal will be discussed in chapter V of this 



- 47 -

thesis, In which also model results will be compared with 

experimental partial RDF's of metallic glasses. These comparisons 

lead to the conclusion that disordered crystals do not fully 

reproduce the amorphous structure. A new model on the basis of the 

packing of the DO crystal structure (e.g. Fe.B and Ni P) is 
e — * — 3 3 

proposed. 
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Figure III.l Experimental equipment at beam tube HBl of the 

HFR. The photograph shows the monochromator drum 

(top), the position sensitive detector (bottom) 

and the multichannel analyzer (right)» 
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III. HEOTltOW DIFFKACTIOM EXPEMHEKTS AMD DATA «EDUCTION 

In this chapter a description will be given of the experimental 

set-up for the neutron diffraction aeasureaents the results of 

which are given in this thesis. Also a general outline of the data 

reduction procedures will be given. In the sections I to 4 of this 

chapter the four elements of the data acquisition and processing 

will be discussed: experimental equipment, correction of raw data, 

calculation of the structure factor and calculation of the rRDF. 

One of the corrections, the "hydrogen correction" will be 

discussed separately in section III.5. 

A diffraction experiment was performed on amorphous Hi„llb. , the 

results of which will be presented in this chapter as an example 

for the data reduction procedures. In section III.5 some 

measurements on Fe„„B„^ and Fe, MI.„P_„ will be discussed. 
80 20 40 40 20 

III.l. The diffraction experiment 

The neutron diffTactometer used for the present e>periments is 

located at beam tube HB1 of the High Flux Reactor in Petten. The 

two most important features of the equipment at HBl^are the 

possibility of a continuous wavelength selection and a position 

sensitive detector (PSD). Both are favourable for diffraction 

experiments on amorphous or liquid materials. A photograph of the 

dlffractometer is given in fig. III.l. Details will be discussed 

using the schematic drawing of fig. III.2 as an Illustration. The 

path of the neutrons, from the reactor at the top of the drawing 
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Figure III.2 Scheaatic drawing of the diffractoraeter at HBl. 

1) reactor 

2) aonochroaator 

3) speciaen 

4) position sensitive detector. 

20 and $ denote the aonochroaator angle and 
M 

detector angle, respectively. In the given 

positions both angles are greater than zero. 
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to the detector, is indicated by the solid line. The continuous 

wavelength selection is possible by rotation of the cylindrical 

aonochroaator drua (2). There are two colliaators in the beaa: 

one between the reactor and the aoaochroaator, the other in the 

aonochroaated beaa. In fig. III.2 the arrows denote the setting of 

the diffraction angle for the aonochroaator and for the speciaen. 

The triangular shielding in front of the PSD is necessary to 

reduce the background scattering. The detector itself (4) is a 

3He—detector, operating at a pressure of 0.5 HPa. It consists of 

two tubes of 50 ca length placed above each other, which have a 

saall angular range in coaaon in order to avoid a range that is 

unattainable to the detector. A aultlchannel analyser stores the 

signals according to their positions on the detector in 256 

channels, each representing a detector element of 0.4 an length, 

or an angular interval of 0.15'. The effective aperture of the PSD 

is 39s, and the maximum diffraction angle 20 is 104.5°. 

Vanadium cylinders of inner diameter 14.5 mm and with a wall 

thickness of 0.2 mm were used as containers for the diffraction 

specimens. The amorphous ribbons were cut into pieces of 0.5 to 1 

cm length, which were stacked in the vanadium holder. Packing 

fractions of 35-45% were obtained by this procedure. For the 

FeNlB-specimens smaller cylinders and a different packing tech

nique were used (see chapter IV). The dimensions of the neutron 

beam were limited to the dimensions of the specimen (4 cm x 1.5 cm 

for the larger specimens, 2 cm x 1 cm for the smaller ones). 

A complete diffraction experiment consists of measurements with 
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monochromatic beam 

P.S.D. 

Figure III.3 : Sketch of the detector geometry, n Is the channel 

number, d is the width of a detector segment, 

representing a channel. In this setting ot<0. 

Channels 

0<k<127 

128<k<255 

ao 

20.4096 

19.4519 

al 

- 0.173732 

- 0.116993 

a2 

- 0.257521.lO-1* 

- 0.302915.10"3 

a3 

0.642541.10"6 

0.590711.10"6 

Table III.l : Coefficients for the polynomials a vs. n (eq. 

(III.l)) for both detector tubes. The values are 

given in degrees. 
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tvo different wavelengths X. In this way an optimum is reached in 

the covered Q-range within a certain measuring period» The 

monochromator (Cu) is used in (200) reflection. The two 

wavelengths that are selected are 0.11 nm and 0.08 nm. An exact 

setting at an a priori value is not possible, however. Therefore 

after each setting a wavelength calibration is performed using Ni 

diffraction peaks. With A=0.11 nm measurements are performed at 

three detector positions <J> (fig. III.2 and III.3), viz. $=28°, 

$^55°, <p«85°, and with X=0.08 nm at $"85°. In each measurment a 

set of 256 raw intensity data as a function of the channel number 

is obtained. In section III.2 we will give a step by step 

treatment of a number of effects that need to be corrected for. 

III.2. Correction procedures 

III.2.1. Geometrical corrections 

Since the PSD Is linear instead of circularly curved, there Is an 

nonlinear relation between the channel number n (corresponding to 

a detector section of length d) and the diffraction angle segment 

A20 over which the channel detects neutrons (fig. III.3). 

Therefore the intensity detected in channel number n depends on 

the angle a between the vectors from the specimen and the centre 

of the PSD and from the specimen to the detector segment 

represented by channel n. It can easily be derived that A20 is 

proportional to cos2a, so the same holds for the measured 

intensity. To account for the variation in angular aperture in the 

vertical direction another factor cosa should be included. Hence 
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the measured intensities are divided by a factor cosJot. 

The relation between a and n will be given in the next section. 

III.2.2. Diffraction angle 20 as a function of the channel 

number n 

To determine the relation between the angle a (fig. III.3) and the 

channel number n the detector has been scanned through the 

monochromated beam (for which 20»0) in 125 steps. For each of the 

two detector tubes a could be expressed as a third degree 

polynomial in n, 

2 3 
a = a0 + a..n + a»n + a_n . (III.l) 

The values of the coefficients a are given in table III.l. 

The relation ot vs. n is almost linear. The actual diffraction 

angle 20 can be seen from fig. III.3 (where a<0) to be 

2G - <J> + a . (III.2) 

III.2^3;_Efficiency of the_detector 

The counting efficiency of the PSD will be considered with respect 

to two aspects, viz. its dependence on the channel number and its 

wavelength dependence. For the first aspect a simple correction is 

used (section III.2.3.1), the second one is used in the correction 

for inelastic scattering (section III.3.3). In the following two 

sections we will discuss both aspects of the counting efficiency. 
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III.2.3.1. Efficiency as a function of the channel number 

Although ideally the counting efficiency should be constant for 

all channels (after the geometrical corrections of se. III.2.1.), 

it proved to be dependent on the channel number, slightly and 

irreproducibly changing upon each setting of the monochromator 

drum. Therefore a procedure to correct for the variation in 

counting efficiency n(n) was applied. After each setting two 

diffraction experiments were performed on PMMA 

(polymethylmetacrylate, a strong incoherent scatterer), one at 

4»=30° and one at $=-30°. Under the assumption that the incoherent 

scattering is linearly dependent on the diffraction angle, 

summation of these two sets of intensity data as a function of n 

should give a constant value. The intensity variations in the 

experimental data, upto 15% are interpreted as the counting 

efficiency. A third degree polynomial is fit through these data 

after scaling the largest value at unity. The measured intensity 

data of the diffraction samples are then divided by n(n). 

As an exanple, a measurement of the first peak of Fe, Ni, P is 
Y 40 40 20 

shown in fig. III.4. The excellent overlap of data from different 

detector positions illustrates the good results of the applied 

efficiency correction. 

The fact that n(n) changes slightly with each setting of the 

monochromator is probably due to a small mechanical unbalance of 

the diffractometer. 



-58-

15000 

counts 

10000 -

5000 -

20 30 40 

Q (nm"1) 

III.4 : Detail of the diffraction pattern of Fe^Ni.^P,,,,. 
K 40 40 20 

Different symbols indicate measurements for 

different detector positions. 
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111*2.3.2. Efficiency as a function of the wavelength 

The detection efficiency of the PSD depends on the absorption of 

neutrons by 3He in the detector tubes. This wavelength dependent 

efficiency will be denoted by e(X). On geometrical grounds e(X) 

can be expressed by 

1 7 

c(X) - 1 - ƒ exp(-2u(X) RQ/(l-x^)) dx, (HI.3) 

with u(A) the linear absorption coefficient of the detector gas 

for neutrons of wavelength X, and R the radius of the detector 
o 

tubes (R = 1.27 cm). A measurement of the transmission factor of 
o 

a spare detector tube yielded p(X), which is proportional to X, at 

X=0.1274 nm. This resulted in 

-1 
M(X) - (3.179 £ S — ) A . (III.4) 

nm 

The numerical evaluation of the integral of eq. (III.3), using eq. 

(III.4), then gives the required values. This wavelength dependent 

quantity e(X) is used in the application of the Placzek correc

tion, which accounts for deviations of the static approximation 

(see section III.3.3). For the two wavelengths used in this work 

the efficiencies are e(0.11 nm) * 0.492 and e (0.08 nm) - 0.391. 

III.2.4. B?ckground_correction 

III.2.4.1. General 

After application of the corrections described in the previous 
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sections the intensity still contains a contribution from 

background scattering. The intensity I (20), scattered by a 
s 

cylindrical sample in its container, consists of contributions not 

only from the sample, but also from container and air scattering. 

To subtract this spurious scattering two additional measurements 

must be performed. In one experiment the scattering intensity of 

the empty container is measured, in the other the sample is 

replaced by a cadmium rod of identical dimensions to measure the 

intensity of neutrons that are not attenuated by the sample. 

Cadmium is used because of its large absorption cross section for 

neutrons. 

Denoting the result of the container measurement by I (20) and 
c 

that of the Cd measurement by I ,(20), one can correct for the 

background scattering by 

1(20) = A(20) (lg(20)-Icd(20)-B(20) Uc(20)-Icd(20))} . 

(III.5) 

The dlraensionless coefficients A(20) and B(20) appear in eq. 

(III.5) because of the attenuation of the radiation by the sample. 

For a weakly attenuating sample they can be taken as 1 and the 

transmission factor of the sample, respectively. The exact 

expressions for A(20) and B(20), which are used in the correction 

procedures, will be given in section III.2.4.2. 
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(0 
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1 

Vl£29) -

1J2©) 
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30° 40° 50° 60° 

20 
70° 80 

Figure III.5 Three scattering measurements at $ * 55° for 

Ni Nb. A. The neutron wavelength is 0.1104 nm, 
60 40 

the intensity scale is arbitrary. I (20), I (20) 

and Ir.(20) give the intensity scattered by the 

sample, the container and a Cd rod, 

respectively. 

An example of a set of data I (20), I (20) and I O J(20) is given in 
s c Cd 

fig. III.5 for the measurement on Ni.^Nb, at $ - 55° with 
60 40 

A-0.1104 nm. The figure illustrates the importance of the 

background correction. For most other samples the relative 

contribution of the background scattering was smaller, since the 

samples were generally larger. For the NiNb measurements with 

>,«0.0807 nm the background scattering contributions were even 

higher (I /I - 0.5 and I /I - 0 . 2 ) . 
c s Cd s 
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III.2.4.2. Angle dependent attenuation factors 

A detailed calculation if the attenuation factors A(20) and B(20) 

(eq. (III.5)) was given by Paalnan & Pings (1962) for a 

cylindrical saaple in a cylindrical container. Although these 

authors dealt with X-rays, the results are equally applicable to 

neutrons. To apply their results for our experimental situation we 

also nade use of work by Poncet (1977) and by Alblas (1983). 

In the calculations one assumes the sample to be cylindrical 

(radius R ), contained in a coaxial cylindrical holder (outer 
s 

radius R , inner radius R ), and placed in a neutron beam wider 
c s 

than 2R . Neutrons passing through sample + container can reach 

the detector along three different paths: 

1) scattered by the sample, attenuated by the sample and the 

container, 

2) scattered by the container, attenuated by the container, 

3) scattered by the container, attenuated by the sample and the 

container. 

This results in three attenuation factors A (20), A (20) and 
s,sc c,c 

A (20), respectively. The relations between these factors and 
c,sc 

A(20) and B(20) are 

A(20) « 1/A (20) (III.6a) 
s,sc 

and 

B(20) - Ac>gc(20)/Ac>c(20). (III.6b) 
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The three attenuation factors are determined by the lengths of the 

paths over which each type of neutrons travels through the sample 

and/or the container, and by the linear absorption factors \i and 
s 

u of sample and container, respectively. The path lengths 

themselves depend on the scattering angle 20. The calculations 

involved are outlined in detail by Poncet (1977). 

In determining the attenuation factors, u was calculated from the 
c 

atomic density, the absorption cross section and the scattering 

cross sections of vanadium, and u was derived from a measurement 
s 

of the transmission factor, which is, in case of a narrow neutron 

beam, equal to exp(-2u R ). For Ni,„Nb, the attenuation factors 
s s 60 40 

show only a slight angular dependence between 20=0° and 20=120° 

(table III.2). For this sample \i is small and neglection of ths 
s 

angular dependence would not introduce significant errors. For a 

sample like FC.QNI.Q &20' however, the attenuation is much 

stronger and the angular dependence should be taken into account 

(table III.2, fig. III.6). To avoid the consumption of too much 

computer time for the evaluation of the attenuation factors for 

each data point, A (20) and A (20)/A (20) were 
s,sc c,sc c,c 

approximated by analytical expressions: 

A'(20) - ax arctan{a2(20-a3)} + a^. (HI.7) 

In fig. III.6 these functions, with the parameters a chosen to 

get an optimal fit to the 25 calculated values for Fe,0Ni,„ B2_, 

are represented by the solid lines. Differences between calculated 



-64-

O 

O 
O 

1.0 

0.8 -

0.6 -

0.4 '* 

0.2 -

0.0 

i : 

40 40 20 

1 1 

! 

^ c £ e / A c c 

A S £ C 

1 

-

-

™ 

0" 30' 60° 

29 
90 120* 

Figure III.6 Attenuation factors for the Fe,QNi,0 B-- saaple, 

for X « 0.1111 nm. See the text for the meaning 

of the factors (eqs. (III.5) and (III.6)). 

20 

0° 

30° 

60° 

90° 

120° 

NINb, > «0.1104 nm 

A 
s,sc 

0.8862 

0.8863 

0.8865 

0.8867 

0.8869 

A 
c,c 

0.9305 

0.9305 

0.9302 

0.9301 

0.9302 

A c,sc 

0.8788 

0.8792 

0.8798 

0.8807 

0.8814 

NiNb, ' =0.0807 nm 

A 
s .sc 

0.8922 

0.8922 

0.8924 

0.8926 

0.8928 

A 
c,c 

0.9371 

0.9372 

0.9369 

0.9365 

0.9369 

A 
c,sc 

0.8867 

0.8872 

0.8877 

0.8885 

0.8892 

FeNiB, >• -0.1111 nm 

A 
3 , S C 

0.2420 

0.2474 

0.2624 

0.2832 

0.3047 

A c,c 

0.9520 

0.9517 

0.9517 

0.9516 

0.9517 

A 
c,sc 

0.4002 

0.4048 

0.4311 

0.4763 

0.5287 

FeNiB, \ «0.0806 na 

A s , sc 

0.2847 

0.2895 

0.3029 

0.3217 

0.3414 

A 
c,c 

0.9570 

0.9567 

0.9567 

0.9566 

0.9567 

A c ,sc 

0.4384 

0.4421 

0.4645 

0.5043 

0.5513 

Table III.2 : Attenuation factors for the Ni,Jtb, and 
60 40 

Pe40N140llB20 **<*»*«*' 
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and fitted values are less than 0.3Z for A (2C) and less than 
s,sc 

0.6Z for A (20)/A (26). 
c,sc c,c 

The intensity patterns resulting fro» the correction procedures 

described in these sections are shown for Ni Nb,_ in fie. III.7. 
60 40 * 

The measuring period amounted to 225 hours. 

III.3. The structure factor S(Q) 

IIK3.1. Introduction 

The procedure outlined in section III.2 corrects the measured 

intensity for instrumental and geometrical effects. The resulting 

intensity i(Q), however, does not represent the coherent singly 

diffracted intensity per atom I (Q) (eq. (II.7)), since it still 
a 

contains contributions from a number of disturbing interactions 

between neutron beam and sample. The corrections for these 

interactions will be outlined in this section. The corrections and 

Che normalization (eq. (11.15)), necessary to obtain the intensity 

per atom I , are expressed by (Alblas 1983) 
a 

I.(Q) " BI(Q)-<a l n cH4 l f<b 2>P c o h(Q)+<a l n c>P l n c(Q)}-oB s , 
( I II .8) 

with a * cross section for incoherent scattering, 
inc 

b * nuclear scattering length, 

P (Q) * correction factor for coherent inelastic 
coh 

scattering, 
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Plgure III.7 : Intensity distributions for Ni Nb , after 

correction for geometrical Influences and 

background scattering. 
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P (Q) * corraction factor for incoherent inelastic 
inc 

scattering, 

o = cross section for multiple scattering, 
ms 

Atoms that carry an atomic magnetic moment contribute to the 

measured intensity not only by the "normal" nuclear scattering, 

but also by magnetic scattering. The magnetic scattering is 

described by a scattering length p(Q) and the intensity is 

additive to the nuclear scattering, if an unpolarized neutron beam 

is used. In that case eq. (11.14) can be written as 

I (Q)-W<b2><b>2)-4*f (<p2(Q)>-<p(Q)>2) 
S ( Q ) - - S . (III.9) 

47T(<b> + f <p(Q)> ) 

In accordance with eq. (III.8) this equation is given in terms of 

scattering cross sections, rather than squared scattering 

amplitudes. The actual magnetic scattering depends on the angle a 

between the atomic magnetic moment and the scattering vector. 

The factor f » <sin2ü)> gives the magnitude of the magnetic 
m 

scattering contribution. The magnetic scattering contribution will 

be treated In detail in section III.3.5. 

111.3.2^ Cross sections 

The cross sections a and a . and the scattering lengths b 
inc abs 

have been taken from a compilation by Koester & Yelon (1982). A 

graphic representation of the absorption and coherent and 



CO 
SO 

I 

Neutron Scattering Cross SocCions 

Figure III.8 : 

Coherent and incoherent scattering cross sections 

and absorption cross sections for A - 0.181 nm 

for the natural elements and some isotopes. 

Symbols printed in italics represent elements 

with a negative scattering length. The cross 

sections indicated with a dot run off the 

vertical scale. The data have been taken from 

Koester and Yelon (1982) (1 barn - 10~28 m 2 ) . 
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incoherent scattering cross sections is given In fig. III.8 for 

the elements in their natural isotopic composition and for some 

specific isotopes. The absorption cross sections o , which are 
abs 

proportional to A are given for A=0.181 nm. In table III.3 

n B 

Fe 

Nb 

Ni 

6 0 N i 

62Ni 

P 

Isotopic 

enrichment 

98.3 

-

-

-

99.1 

98.0 

b 

[HT 1 2 cm] 

0.65 

0.954 

0.7054 

1.03 

0.29 

-0.83 

0.513 

0 . 
inc 

[barn] 

0.23 

0.22 

0 

4.23 

0.15 

1.03 

0.004 

abs 
[barn] 

65.2 

2.56 

1.15 

4.5 

2.9 

14.3 

0.172 

Table III.3 : Isotopic enrichments and nuclear scattering data 

for the components used in the samples, a is 
abs 

given for A-0.181 nm. 
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numerlcal values are tabulated for the elements used in our 

sample. Deviations from Koester & Yelon's values are caused by the 

specific isotoplc compositions of the enriched components that 

were used. Because of the extremely large o of natural boron 
abs 

(767 barn), boron enriched in U B was used in our samples. The 

actual value of o . for the enriched boron is mainly determined 
abs 

by the small amount (1.7%) of 10B (o . -3837 barn) in the 
abs 

mixture. 

III.3.3. Placzek correction for inelastic scattering 

To obtain the rRDF from a diffraction experiment we are interested 

in the static structure factor S(Q). At room temperature, however, 

besides the scattering contribution from the static lattice, also 

contributions caused by the dynamical behaviour of the lattice 

are present in the measured intensity. This can be expressed by 

(Yarnell et al. 1973) 

E /Ti . 
O A 

I(Q)« ƒ e(X) Cp) S(Q,u>) dco . (III.10) 

In this equation E is the energy of the incident neutron, A and 
o o 

A are the wavelengths of incident and scattered neutrons, e (A) is 

the detector efficiency (see section III.2.3.2), and to denotes the 

energy transfer. 5(Q,<u) is the dynamical structure factor. Placzek 

(1952) was the first to derive the static structure factor S(Q) 

(HS(Q,0)) from I(Q), assuming e(X)«(l/v) with v the velocity of 

the neutrons. We have used the elaboration of the method by 
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Yarnell et al. (1973), who consider a general function e(X). It 

should be noted, however, that this elaboration does not correct 

for the scattering effects due to thermal vibrations of the atoms, 

but only for the recoil effects of collisions between neutrons and 

atoms in the sample. 

The procedure of Yarnell et al. involves a Taylor expansion of 

S(Q,w), introducing a series of frequency moments of S(Q,oo). In 

both the Taylor series and the power series, terms beyond second 

order are left out. This leads to the correction factors P (Q) 
coh 

and Pinc(Q) in eq. (III.8), 

Pcoh(Q) ' (Ï c1b^Pi(Q)) / <b2> (III.11a) 

and 

Pinc ( Q ) * {l V i n c , i Y Q ) ) ' « W - ( m - U b ) 

with 

2 2 
k T k T X 0 

piW - S- har - <ci+ c3 - r - ir> -72-1» (III-12) 

i o o i 4TT 

where m Is the neutron mass, M the mass of i-type atoms, k is 
i B 

Boltzmann's constant and T is the temperature. The constants C. 

and C3 are 
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A e ' ( A ) 
C l " 1 ' °2e(A ) <X I I - 1 3 a> 

and 

r V '<V- x o £ "cV 
C3 4 i m • (IH.13b) 

o 

in which a prime denotes differentiation with respect to A. To 

obtain the function £(A), eq. (III.3) has been evaluated at 22 

values between A-0.055 nm and A-0.160 nm. The results could be 

expressed within 0.4Z error by (Alblas 1983) 

E(A) =• 1 - B exp(- ̂ j- A) (III.14) 

with B-0.983 and C-37.6 nm"1. 

The effect of inelastic scattering on the experimental results is 

small for large atomic masses and for high incident neutron 

energies. This can be seen in fig. III.9, where P (Q) is given for 

A-0.11 nm (0<Q<90 nm-1) and for A-0.08 nm (80 nm_1<Q<120 nm~l). 

It has been concluded from diffraction experiments on liquids 

containing Li that the Placzek correction does not give 

satisfactory results for light elements (Ruppersberg & Reiter 

1982, Alblas 1983). 

This is probably caused by the neglect of third and higher order 

terns in the series expansions for eq. (111.12). This conclusion 

has been confirmed by experiments regarding neutron scattering by 
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i 1 1 1 r 

j i i i i I 

0 20 40 60 80 100 120 

Q (nm") 

Figure III.9 : Calculated Placzek correction terms for inelastic 

scattering by Li, U B , P and Fe for A » 0.11 nm 

at 0<Q<90 nm"1 and for A » 0.08 nm at 80<Q<120 nm"1• 

hydrogen. The scattering of H in crystalline terbium has been 

experimentally determined by Chieux et al. (1984) for 

A - 0.0695 nm. Calculation of the Yarnell correction terms for 

this case learns that these give a description of the hydrogen 

scattering that is only qualitatively correct. If in these 

calculations a higher order terra of E _ /E„ is taken into 
recoil 0 

account, the result Is even worse, similar to calculations by 

Alblas (1983). 
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The Placzek correction for the structure factor of NlNb, which we 

show as an example in this section, is very small because of the 

large atomic masses of Ni (M-58.91) and Nb (M»92.91). 

III.3.4. Multiple scattering 

To correct the measured intensity distributions for multiple 

scattering the method of Blech & Averbach (1965) for cylindrical 

samples was adopted. The intensity of neutrons that are scattered 

n times before reaching the detector, is given by I (20). I (20) 
n 2 

is usually assumed to be an isotropic angular distribution which 

leads to 

(°8/0t)6 

ams ' °s 1 - (a /a ) 6 ' (II"'15) 

s t 

if 

I . I, 
-y-i-- =*• . (111.15a) 
n 1 

The symbols o and o denote the scattering cross section 

(o - 4it<b2> + <<J >) and total cross section (a * a + a . ), 
s inc t s abs 

respectively. The factor 6 depends on the height, radius and 

linear absorption coefficient of the sample. A table of 6 as a 

function of these parameters can be found in Blech & Averbach's 

paper. 
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For the NiNb sample (diameter 14.5 mm, height 40 mm, u(0.11 nm) = 

0.064 cm-1, u(0.08 nm) - 0.062 cm"1), 6 is 0.05 for both 

2 
wavelengths. The fraction a /4n<b> (see eqs. (III.8) and 

us 
(III.9)) then becomes 0.058. 

III.3.5. Magnetic scattering 

The presence of atoms with a magnetic moment gives rise to a 

magnetic contribution to the scattered intensity, as mentioned 

previously. For paramagnetic samples this scattering is isotropic 

and can be treated as incoherent scattering. For samples with a 

magnetic ordering a coherent contribution is present. 

Analogous to the nuclear scattering the magnetic scattering for 

element i is described by a scattering length p (Q), which is 

given by 

2 

P^Q) - 1~JL-2- Mt F^Q), (III.16) 
2s c 
e 

with e the electron charge, Y the gyromagnetic ratio of the 

neutron, m the electron mass, c the velocity of light and u the 
e i 

atomic magnetic moment. F (Q) is the magnetic form factor for 

element i, which stems from the dimensions of the electron cloud, 

which can not be regarded as very small in comparison to the 

neutron wavelength. Values for the form factors for Fe and Ni were 

taken from data for crystalline Fe and Ni (van Laar et al. 1979). 
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Interpolation between the data of F (Q) of the crystalline 

reflections is performed by using the continuous function 

F1(Q) - exp (-AjQ
2), (III.17) 

with iL. =0.459 10~3 nm2 and A„ «0.307 10"~3 nm2. 
Fe Ni 

In our experiments we used an unpolarlzed neutron beam, which 

allows us to use eq. (III.9) for the calculation of S(Q). Many 

authors (e.g. Nold et al. 1981) subtract the magnetic scattering 

contribution by performing additional measure tents, in which the 

atomic magnetic moments are aligned by an external magnetic field, 

thus varying the factor f . We have chosen to account for the 
at 

magnetic scattering contribution by calculation, since for our 

samples it is only small (<10Z for Q«0). This method was preferred 

over the method of additional measurements, which is time 

consuming and also introduces inaccuracies because of experimental 

errors. For our samples, consisting of randomly stacked pieces of 

ribbon, f -2/3. 
m 

The atomic magnetic moments for Ni,nNb/n have not been reported in 

the literature. On the basis of measurements on FeNb in several 

compositions (Unruh & Chlen 1984) and a paper on neutron 

diffraction results for NiNb by Svab et al. (1982) the magnetic 

moment of Ni (and thus the magnetic scattering contribution) in 

this alloy was assumed to be zero. 
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III.3.6. Normalization 

The normalization of the measured intensity, needed to obtain the 

scattered intensity per atom I (Q), is based on eq. (11.15) 
a 

(Wagner 1978). Since the experiments were done with two different 

wavelengths, two normalization factors 0 are required, which can 

be obtained in the following way. 

The intensity data points I(Q) (fig. III.7) are not distributed 

equldistantly over the Q-range that was covered. To simplify the 

data handling and to prepare for a Fast Fourier Transform, a new 

set of data points, equidistant in Q, is derived from I(Q) by 

linear interpolation. New data points are chosen at Q =nAQ, in 
n 

which AQ is the largest difference in Q between two neighbouring 

data points in the original set (typically 0.18 nm"1). 

2 
Extrcpolation to Q«0 is done by fitting a parabola c. + c_ Q to 

the first 40 data points (Thijsse 1984). A typical Q-range for 

this fit is 9 to 16 nm"1. 

The normalization factors 3 are determined in an iterative 

process. Initially the two 8's are chosen to make S(Q) equal to 1 

for the data points at the largest Q. For our sets of data the 

discrete form of the sum rule is applied: 

N 2 2 
1 Qn ( S ( Qn ) ' 1 } A Q = ~2ïï V (HI.18) 

n-1 

where N is the number of data points. In each iteration cycle the 
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suaaation of eq. (III. 18) is calculated and froa the deviation 

froa -2* p a new value of B for the smallest wavelength is 

chosen. The corresponding noraalization factor for the large 

wavelength is then obtained froa an optimization of the overlap of 

S(Q) in the Q-range where I(Q) has been measured with both 

wavelenghts (84 xuT1 < Q < 90 nm-1)- Normally 5 iteration cycles 

were necessary to satisfy eq. (III.18). 
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Figure III .10 : Details of the structure factor for Ni Nb . 
60 40* 

calculated separately for each of the two 

wavelengths in the overlap range. The 

uncertainties in S(Q) for the two wavelengths are 

also shown. 
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The consistency of the Measurements and the corrections for the 

two wavelengths is shown in fig. III. 10, where for N* Nb, the 
WJ 40 

overlap range is displayed. 

III.3.7. The structure factor of Ni^Nb^Q 

The neutron structure factor for Ni Nb ,,, calculated fro» the 
60 40 

intensity data of fig. III.7 by using the correction procedures 

just discussed, is shown in fig. III.II. The number of data points 

is 680, with a aaxiaua Q-value of 122.4 nm"1- A number of 

quantities used in the calculations and soae characteristics of 

S(Q) are given in table III.4. The uncertainty 6S(Q) has been 

derived froa the statistical error in the measured intensity. 

The structure factor of fig. III.11 shows a small "prepeak" at 

Q-18 nm-1. This peak was also found by Forgacs et al. (1980) for 

the same material. It indicates a certain degree of short range 

order in the alloy, i.e. a preference for unlike neighbours 

(Wagner & Ruppersberg 1982). The effect of short range order on 

the diffraction pattern has been discussed extensively by Warren 

(1969) for crystalline alloys. We will now use his equations for a 

qualitative view on the low Q part of S(Q) for an amorphous alloy. 

Warren used a short range order parameter a in relation to the 

coordination number Z for tne i neighbour shell. For a binary 

alloy (AB) «t is defined as 

a, - 1 - -~- , (III.19) 
1 CBZ1 
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25 50 75 

Q (nm") 
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Figure III.11 : The neutron structure factor of aaorphous 

Ni Nb . The error bars indicate the uncertainty 

in S(Q). 
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Figure III.12 : The neutron structure factor of Ni,„Nb after 
60 40 

application of the hydrogen correction with 

c «0.015. 
n 



-81-

Correction Symbol Unit *=0.1104 nm A =0.0807 run 

Placzek 

Multiple 

scattering 

Normalization 

Extrapolation 

1st peak 

2nd peak 

Uncertainty 

47T<b>2 

Pcoh«» 

Pinc<0) 

a 
ms 

8 

c r c 2 

Q,S(Q) 

5S(Q) 

barn 

barn 

barn 

barn/ 

counts 

-, nm-

nm"1, -

~ 

10.182 

0.03155-0.3886.10"4Q2 

0.00836-0.1029.10"4Q2 

0.594 

0.8446.10-3 

10.182 

0.01686-0.1821.10-402 

0.00447-0.4821.10"5Q2 

0.616 

0.3591.10"3 

0.086 , 0.326.10"3 

29.9 , 3.67 

51.2 , 1.59 

0 - 2 0 nm"1 : 0.02 

0 * 60 nm"1 : 0.02 

Q » 120 nm"1 : 0.03 

Table III.4 : Some characteristics of the neutron structure 

factor for amorphous Ni Nb, . 
60 40 
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AR f ti 

with Z. the number of B-type atoms in the i coordination shell 

of an A-atom, and c the atomic fraction of component B. For a 

random alloy all a are zero, in case of a preference for unlike 

i neighbours a. is negative. As an aid in this discussion we 

define the factor L(Q) by 

« b > - <b> ) + f « p (Q)>-<p(Q)> ) 
L(Q) 5 = . (III.20) 

<b> + f <p(Q)> 
m 

Rewriting eq. (12.35) of Warren, using L(Q), one obtains 

« sin Q r 
S(Q) - L(Q) I a Z , (111.21) 

i-1 v i 

th ^ 
where r. is the i neighbour distance. From this equation 

follows 

lim S(Q) - L(0) Z o. Z . (III.21a) 
Q-K) 1-1 1 l 

The minimum value of I a Z is -1. 
i-1 i 

We can assume that the ordering In amorphous metals will be most 
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pronounced in the first coordination shell, which makes the first 

term in the summation of eq. (III.21) the most important. Assuming 

a = 0 for 1 > 2, and using r -0.259 nm (section III.4) for 

Ni Nb. , a maximum is found for expression (III.21) at Q = 17.4 
60 *0 

nm-1, if a < 0. Thus the prepeak indicates a preference for 

unlike nearest neighbours. 

To study the low Q limit of the structure factor we define a 

parameter f. by 

fL =- Wo <m'22> 

The eqs. (III.20), (III.21) and (III.22) can also be applied for 

X-ray diffraction results. A combination of these three equations 

leads to 

f - I a Z . (III.23) 
L i-1 l i 

The prepeak in the structure factor of fig. III. 11 therefore 

implies f < 0, but f - +2.7 is found. 
Li Lt 

This inconsistency can be eliminated by the assumption of 1.5% 

hydrogen contamination in the sample. A simple correction 

procedure for this effect (section III.5) yields the structure 

factor of fig. III.12, with f - -1.2 ± 0.5. 
L* 
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III.4. The reduced radial distribution function G(r) 

As a first step in the procedure to obtain the rRDF, the N data 

points for S(Q) are transformed to the interference function F(Q) 

by the Inverse of eq. (11.11), 

F(Q) - Q(S(Q) - 1) . (III.24) 

Since the data have equidistant Q values (AQ-0.18 nm'1) a Fast 

Fourier Transform routine can be applied. In this way a set 

G (r) is obtained, which is a discrete approximation of the rRDF 

G(r), 

2 N 

G_(r) - 7 Z F(Q ) sin Q r AQ . (111.25) 
T * n-0 n n 

The subscript T indicates that G_(r) results from a truncated data 

set for F(Q). Tht procedure yields N data points at values r -kAr, 

with 

Ar - rk • (111.26) 

A typical value for Ar is 0.0257 nm. In order to obtain a clearer 

display of G (r), the number of data points is artificially 

increased by a factor 4 by introducing values F(Q )«0 for N<n<4N 
n 

(Thijsse 1984). This somewhat arbitrary, but for disordered 

systems not unrealistic approximation generates three 
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interpolating data points between each pair of original points of 

G„(r), thus apparently reducing Ar to 0.0064 nm. G (r) for 

Ni,0Nb,n, derived from the structure factor of fig. III.11, is 

shown in fig. III.13a. Some numerical values have been given in 

table III.5. 

The fact that F(Q) is truncated above a certain value Q , as Is 
max 

experimentally Inevitable, has as a result that G (r) Is a 

convolution of the actual G(r) with sin (Q r)/(irr), which is 
max 

visible in fig. III.13a as a spurious ripple. To reduce these 

"truncation ripples", a weighting factor can be applied to the 

experimental F(Q) (Lanczos 1966). Multiplying F(Q ) with 
n 

sin x /x , x = TTQ /Q , for each n, produces the "Lanczos 
n n' n n max v 

smoothed" rRDF G (r), which Is a convolution of G(r) with the 

function 
Q SI (ïï-Q r) + Si (w + Q r) 
max max max /TTT _.,. 

— ^ , (III.27) 

with 

x 
Si(x) - ƒ a i ~ dt . (III.28) 

0 

This function does not introduce spurious ripples in G (r), but, 

instead, has a broadening effect, which causes a certain loss of 

detail. The smoother appearance of G (r) can be seen in fig. 

III.13b. In this thesis we will use, unless indicated otherwise, 
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Figure III.13 : The neutron reduced radial distribution functions 

of amorphous Ni Nb . The error bars at r - 1 nm 

indicate the uncertainty in G(r). 
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Table 

ÖG [nm-2] 

P [nm-3] 
exp 

0 

1st peak (rlt G ^ ) ) 

([nm], [nm"2]) 

2nd peak (r*. G(r*)) 

(r*. G(r*)) 

3rd peak (r3, G(r3)) 

r2/rl 

r3/rl 

al 

A2 

a 
r 

III.5 : Some chara 

Truncated 

3.5 

69.1 

15 

(0.259, 597) 

(0.435, 163) 

(0.512, 91) 

(0.665, 138) 

1.68 

2.57 

-

-

-

iteristics of the 

Lanczos 

3.5 

68.6 

7 

(0.261, 408) 

(0.441, 143) 

-

(0.666, 117) 

1.69 

2.55 

0.156 

0.811 

0.9998 

neutron rRDF for 

amorphous NI Nb, . &G is the uncertainty in 
60 40 

G(r), p is the atomic density, determined from 

the low r part of the rRDF and o is the mean 

deviation from -4TTP r in this part, a, and a„ 
exp 1 2 

express the linearity of the peak positions (eq. 

(III.31)), a is the correlation factor for this 

fit. 
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G (r) and present it as G(r). 

The uncertainty <5G(r) in the rRDF can be derived from the 

uncertainty öS(Q) by (Thijsse 1984) 

6G
2(r) - ̂ | 2 _ z Q2 6s2 (Qn) sin

2Qnr . (111.29) 
it n - 1 

We will represent this uncertainty by the r-independent quantity 

ÖG, which is the r.m.s. value 

N 
ÓG - ̂  • é I Q2 5S2 (Q )) . (III.30) 

» z , n n 
n»l 

The error bars in fig. III.13 indicate 2ÓG. 

In accordance with Thijsse (1984) a linear relation was found for 

Ni Nb between the relative peak positions r/r and their 

index k, as can be expected for a homogeneous system. The values 

a and a given in table III.5 were obtained by a least squares 

fit of 

r
k 

— - a. + a,k (III.31) 
rl l 

for 3 < k < 9 (fig. III.14). Compared with values for 

metal-metalloid glasses (Thijsse & Majewska 1985) the present 

value a„ - 0.8!.l ± 0.005 for Ni^Nb,,, is about 2% larger. 
2 60 40 ° 
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»- 6 -

8 10 

Figure III.14 : The linear relation between the relative peak 

positions of the rRDF and their index (see also 

table III.5). 

From the initial part of the rRDF a value for the atomic density 

p can be determined (eq. (II.8)). At small r, before the onset of 
o 

the first peaks, ptl (r) = 0 and G (r) • -4irp r. As can be seen 
ij ij o 

from eq. (11.16), this is also true for the total rRDF, 

irrespective of the diffraction technique. From a least squares 

fit of the function -4np r to G(r) in the range 0<r<(13 IT)/ 
exp 

(2NAQ) (27 data points) an experimental value p for the atomic 

density is derived. This r-range was chosen to minimize the 

influence of the truncation effects on p (see fig. III.13a). 
exp 

The density of Nifin
N^An w a s determined experimentally by Chen & 

Waseda (1979) as 8.22 g/cm3, which leads top • 68.4 nm"3- This 

is in very good agreement with the present value of P (69.1 
exp 
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nm~ ), although large ripples are present around -4irp r, 
exp 

indicating experimental errors slowly varying with Q. After 

replacement of the first 27 data points of G(r) by their expected 

value -4wp r, G(r) was back transformed into F(Q) for a 
exp 

comparison with the original data set (fig. 111.15). It can be 

E 
c 

150 

100 -

50 

-50 
25 

Ni Nb 
60 40 

Experiment 
Transform 

50 

Q Lnm 

75 100 125 

Figure III.15 : Comparison of the experimental interference 

function with the back transform of the modified 

function G(r), in which the experimental data for 

r<0.17 nm have been replaced by -4np r. 
exp 

seen that these are caused by a small and slowly varying error in 

F(Q), viz. F(Q) being too large for Q<90 nm"1 and too small for 
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larger Q. For QX} the difference between the original (F(Q) = 
max 

0) and the back transformed F(Q) reduces to zero very rapidly, 

which shows that the truncation of F(Q) is not the reason for the 

spurious ripples at low r. The value of p does not influence 
exp 

the situation shown in fig. III.15. 

III.5. The hydrogen correction 

III.5.1. Indications in the literature 

In the experimental structure factor of amorphous Ni,,^5, a too 

large value is found at Q"0 (fig. III.11), and discrepancies in 

'r'(Q) after back transformation of the modified G(R) 

(fig. 111.15)). These discrepancies can arise from a decreasing 

tendency in I(Q) throughout the Q-range. Because of the 

normalization a decreasing I(Q) will result in a structure factor 

S(Q) that is too large at small Q and too small at large Q (fig. 

III.16). These features are found in most of our experimental 

data. The most obvious effect is S(Q) being too large in the low Q 

range, which is exprassed by the parameter f (eq. III.22). From 

eq. (III.23) can be seen that the value of f is determined by the 

structure of the specimen and is independent of the diffraction 

technique used. It was found that the Inconsistency could be 

eliminated by the assumption of 1-2% of hydrogen contamination in 

the specimens. 
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2 I r 1 r — r 

0 25 50 75 100 125 
Q (nm"1) 

Figure III.16 : Effect of the normalization of the measured 

intensity for a hypothetical case: if instead of 

the actual S(Q) (curve a) a decreasing intensity 

is measured (curve b), after normalisation curve 

c is found, which is too large at small Q, and 

too small at large Q. 

The X-ray diffraction results for our samples, which would not be 

affected by hydrogen, yielded f < 0 (Thijsse 1984, Thijsse & 

Majewska 1985). This can also be observed in the-literature. 

Several authors found f > 0 for S (Q) (structure factor obtained 
L n 

by neutron diffraction) and f < 0 for S_(Q) (structure factor 

obtained by X-ray diffraction). 

Lamparter et al. (1983) notice this contradiction for their 
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measurements on amorphous Cu Zr . They mention the possibility 

of H contamination, but reject this on the basis of a measurement 

for the same sample after crystallisation. During the annealing 

required for crystallisation, however, desorption of H may occur, 

which renders their conclusion unreliable. The same authors 

(Lamparter et al. 1982) found a decreasing tendency of S (Q) for 
n 

NlR B..„, which they removed by a "somewhat arbitrary" correction 

procedure, viz. multiplication of the experimental intensity by a 

factor (1+cQ). This led to "unphysical behaviour" of the Bhatia 
BT 

Thornton structure factor for their sample with low <b> (S (Q)<0, 

which is analogous to f <-l). 
Li 

A third illustration Is found in the work by Lee et al. (1984). 

Their S (Q) for Ni.,Zr,r is given by the solid line in fig. 
n 35 65 

III.17. In order to determine the partial rRDF's of this alloy by 

the isomorphous substitution method they also performed X-ray 

diffraction measurements on Ni _Zr„ and on Ni„ Zr Hf . These 
35 65 35 35 30 

total structure factors did not yield realistic partlals, which is 

probably caused by the amplification of errors In the process of 

determining the partials. The partials were improved by the 

assumption of an error function E(Q) and the application of the 

ridge analysis method, which is described in the paper. This 

method essentially involves a renormalisatlon of the partial 

structure factors to S (Q)=l for Q + °°. The reconstruction of the 

total S(Q)'s from the improver partials yielded two S (Q)'s 

practically identical to the measured ones and the S (Q) given In 
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Figure III.17 : Neutron structure factor for Ni35Zr
65»

 b v L e e e t 

al. (1984), given by the solid line, shown 

together with the synthesized S(Q) (dotted). See 

the text for more explanation. 

fig. III.17 by the dotted curve. The authors do not report an 

extrapolation of S(Q) to Q»0, but from their plots it can be seen 

that f <0 for S fQ) and fT>0 for S (Q). 
L X L n 

Recently, Maret et al. (1984) have published neutron diffraction 

work on Be,„Hf Zr,., (x-5, 25, 54). Besides the usual corrections 
43 x 57-x 

they applied a "supplementary correction for the presence of 

hydrogen in the ribbons". Using the scattering cross section of 

H O (Beyster 1968) they derived a hydrogen concentration of 2%. 

Unfortunately they do not give any details of the effects of H on 

the structure factors. In later work of the same authors on NiY 
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and CuY (Maret et al. 1985) no report is made on corrections for 

the presence of hydrogen* 

Chleux et al. (1984) performed scattering measurements on TbH 
1.6 

to correct for 4% of hydrogen in their amorphous Tb__Cu,Q samples. 
ZZ /o 

In spite of their detailed approach the authors applied an effec

tive hydrogen concentration to obtain a realistic S(Q). This 

effective concentration was about 60% larger than the actual H 

concentration. In their discussion Chieux et al. call the H 

contamination "almost universal". 

Rodmacq et al. (1985) applied Maret's method without success in 

their attempt to correct for the incoherent scattering of H, which 

they deliberately inserted in their CuTi samples. Eventually "a 

decreasing term" was subtracted from the measured intensity to 

obtain a horizontal S(Q). 

In summary, several indications for a possible hydrogen presence 

in amorphous samples have been found. However, a satisfactory 

procedure to correct for the H contribution to the scattered 

neutron intensity has <?o far not been reported. 

III^S^^The^correction ££ocfidure 

A complete correction procedure for the assumed presence of 

hydrogen In the amorphous samples would Include additional 

scattering measurements to determine the hydrogen scattering 
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Figure III.18 : Reduced radial distribution function for 

Ni6QNb before and after correction for 

hydrogen contamination. 
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Figure III.19 : Comparison between the experimental and the back 

transformed interference function (section III.A) 

of Ni Nb after application of the hydrogen 

correction. 
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contrlbutlon. This Is because the actual scattering cross section 

of H depends strongly on the energy of the Incident neutrons and 

on the character of the bonds between H-atoms and their 

neighbouring atoms. Since these measurements would consume much 

measuring time, and are not guaranteed to lead to a satisfactory 

result (e.g. Chieux et al. 1984) we have chosen for a simplified, 

computational correction procedure. 

The applied procedure simply implies that hydrogen is treated as 

an alloying element with a certain effective atomic fraction c , 
— • • — — — — • u 

for which the ordinary corrections are applied. For the incoherent 

cross section the value for a bound H-atom (a =81.7 barn) was 
inc 

taken, after a diffraction experiment on a specimen to which water 

was added (section III.5.3), and the coherent scattering was 

considered to be negligible (b =0). The parameter c was varied to 
H H 

obtain an optimal result for both S(Q) and G(r) with respect to 

the inconsistencies mentioned before. This procedure yielded 

satisfactory results for the scattering data for all our samples. 

For Ni.-Nb.- the H correction was applied with c -0.015. The 
60 40 H 

resulting S(Q) has already been given in fig. III.12. The effect 

of the H scattering on the rRDF is very limited (fig. III.18), 

since it varies slowly with Q, and therefore in the Fourier 

Transform only shows up at low r. This also justifies the 

application of the simple correction procedure, because the main 

conclusions about the amorphous structure are derived from the 

rRDF, outside the low r region. The tables III.6 and III.7 contain 
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Correction Symbol Unit X«0.1104 nm A»0.0807 nm 

Placzek 

Multiple 

scattering 

Normalization 

Extrapolation 

1st peak 

2nd peak 

Uncertainty 

4ir<b>2 

Pcoh«» 

0 
ms 

6 

VC2 

Q,S(Q) 

öS(Q) 

barn 

barn 

barn 

barn/ 

counts 

-, nm2 

nm~*, -

— 

9.879 

0.03108-0.3828.10_4Q2 

0.2452-0.1126.10_4Q2 

0.648 

0.8812.10-3 

9.879 

0.01661-0.1794.10_4Q2 

0.1310-0.4032.10-402 

0.671 

0.3850.10-3 

- 0.057 , 0.361.10-3 

29.9 , 3.81 

51.2 , 1.59 

Q - 20 nm_l : 0.02 

Q • 60 nm"1 : 0.02 

0 - 120 nrn"1 : 0.03 

Table III.6 : Same as table III.4, after the application of the 

hydrogen correction. 
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6G [na-2] 

P [n«-3] 
o 

0 

1st peak (rlf G(rt)) 

([nm], [nm*2]) 

2nd peak (r2, G(r2>) 

(r*, G(r*)) 

3rd peak (r3, G(r3>) 

1. 
r2/rl 

r3/rl 

al 

a2 

a 
r 

Truncated 

3.9 

78.5 

9 

(0.259, 636) 

(0.435, 180) 

(0.512, 94) 

(0.665, 145) 

1.68 

2.57 

-

-

-

Lanczos 

3.9 

77.4 

4 

(0.261, 439) 

(0.441, 154) 

-

(0.666, 127) 

1.69 

2.55 

0.156 

0.811 

0.9997 

Table III.7 : Same as table III.5, after the application of the 

hydrogen correction. 
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data for the hydrogen corrected S(Q) and G(r) for Hl Nb , 

respectively. The value for p is now 102 too large, which is 
exp 

caused by the remaining ripples at low r. The comparison between 

the back transformed and the original F(Q) after H correction is 

shown in fig. III.19. An improvement with respect to fig. III.lj 

is seen, although the agreement is not perfect. A much better 

result was found for ^e,ft
Ni»n*-n after H correction (chapter IV*. 

In order to investigate the supposed presence of hydrogen in the 

specimens and its origin a number of measurements on Fe„„IJ and 
r " 80 20 

Fe,rtNi,rtP_rt were carried out. These will be described in the 40 40 20 

following sections. 

III.5.3. Measurements on Fe^gNl/^P^Q 

In this section the results of several diffraction experiments on 

amorphous Fe, Ni, P.„ will be discussed. This alloy was chosen to 
40 40 20 

test the effect of the possible hydrogen contamination for three 

reasons: 

1. The Placzek correction, which is inadequate for light elements 

(section III.3.3), is very small for this alloy (fig. III.20). 

2. The composition is very & milar to Fe, ..Ni.JJ.,., which allows to 
' 40 40 20 

apply the conclusions about the hydrogen correction to the 

determination of the partial rRDF's of FeNiB (chapter IV). 

3. The weighting factors W,,(Q) (section II.1.2) are practically 

equal for neutron and X-ray diffraction, which makes a 

comparison of the total S(Q)'s and G(r)'s possible. 
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The structure factor of FeirtNi, P „ without 
$0 40 20 

(solid line) and with (dashed line) application 

of the Placzek correction. 
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Figure III.21 : Structure factors for Fe.-Ni.J» melt spun in 
40 40 20 

two different types of atnosphere. 
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Figure III.22 : The structure factor for ̂ «.-'i.»',- «elt spun in 

air, before and after addition of 0.2 al of 

water. 

3 -
Fe NiP,n 

40 40 20 

+H20, cH=0.057 

25 50 

Q 
75 

(nm-) 
100 125 

Figure 111.23 : Sane as fig. III.21, but after application of the 

hydrogen correction for the contaminated 

specimen. 
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Two batches of amorphous ribbon were produced, one in air and one 

in 0.5 bar argon. Their neutron structure factors are plotted in 

fig. III.21. Both structure factors display the features that are 

ascribed to hydrogen contamination. This can also be concluded 

from the rRDF's (not shown). The conclusion is that hydrogen is 

not absorbed by the material from the ambient atmosphere during 

the melt spinning process. 

A small amount (0.2 ml) of water was added to the holder of the 

air spun sample in order to measure the influence of H.O on S(Q). 

Since the sample weighted 30 g, the added amount of H is 3.72. The 

influence of 0, with a scattering cross section only 5X of that of 

H, was neglected. The structure factors (fig. III.22) show the 

features that we previously found in our experimental results, in 

a very pronounced way. To correct for the added amount of hydrogen 

the H correction was applied with c «0.057 (fig. III.23). The good 
H 

agreement with the original S(Q) indicates that if the 

discrepancies in our experimental results are indeed due to the 

presence of hydrogen the simplified correction procedure can very 

well be applied to our specimens, where c normally equals 
H 

0.015-0.020. The value of c is about 501 larger than the added 
H 

amount of hydrogen. 

For a comparison with X-ray results the H correction was applied 

for the untreated, air spun sample with c «0.020. The X-ray 
H 

measurements were performed by Thljsse (1984). The experimental 
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Figure III.24 : Comparison of the structure factors for 
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Figure III.25 : Comparison of the rRDF's for Fe40
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obtained by neutron and by X-ray diffraction. 
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uncertainties are 0.02 for S (Q), 0.9 nm_1/Q for S„,(Q), 4 ran"2 for 
n X 

G (r) and 3 nm"*2 for G_(r). The two structure factors are 
n X 

presented in fig. 111.24, the rRDF's in fig. 111.25. Even after 

the H correction the differences are larger than expected from the 

experimental uncertainties, both in S(Q) and in G(r). 

The discrepancies between neutron and X-ray diffraction results 

indicate that combination of neutron and X-ray results in the 

determination of partials may introduce errors, especially since 

in this determination errors in both structure factors are 

generally enhanced. They may be due to the differences between 

both techniques. In the first place the correction procedures to 

obtain S(Q) (including the H correction) are widely different. 

Small systematic errors in both procedures can amplify each other 

In a virtually unpredictable manner. Secondly, in X-ray 

diffraction the scattered intensity mainly originates from the 

surface of a flat sample, whereas in neutron diffraciton the bulk 

of the material contributes to the measured intensity, which might 

also cause a difference in S(Q). Finally, the influence of the 

small differences in the weighting factors for S (Q) and S (Q) can 
n X 

be enhanced by the exact shape of the partials. 

IIIi5i4i_Elastic_scatterlng_exgeriment_on_FegQB2Q 

Amorphous Fe„. B„. was produced by melt spinning in air. A small 

cylindrical specimen (diameter 1 cm, height 2 cm) was prepared 

with 2.7 g of the 1 mm wide ribbon. Two experiments were performed 

for this specimen, 
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experiment A; a normal experiment, in which both elastically and 

inelastically scattered neutrons are recorded, and 

experiment B; an elastic scattering experiment, in which an 

analyser crystal identical to the monochromator crystal is placed 

between sample and detector, so that only "elastically" scattered 

neutrons (i.e. neutrons in a small energy window around the 

incident energy) are recorded. For this experiment the detector 

was an ordinary 3He detector, and each measurement consisted of 99 

single points in the range 7 nm"1 < Q < 85 nm"1, with A»0.1096 

nm. 

The intensity pattern measured in experiment A was corrected 

according to the procedures described previously in this chapter. 

The hydrogen correction was applied with c =0.015. The resulting 
n 

S(Q) is given in fig. 111.26 as a solid line. 

In the correction procedure for the scattered intensity in 

experiment B the Placzek correction must be replaced by a correc

tion for loss due to thermal vibrations. This implies compensation 

for the Debye-Waller factor exp(-2M). Warren (1969) has derived an 

expression for 2M ror cubic crystals. We will use this expression 

in the correction of these data, because the resulting S(Q) is not 

strongly dependent on this correction. The exponent 2M is propor-
2 -1 

tional to (M.0n) , with 0n the Debye temperature. Since no 

literature values are available, we have estimated 0 for Fe B 

from the Lindemann melting formula (Lindemann 1910, Ziman 1960), 

resulting in 0-366 K. For M the average atomic mass of Fe Ï, 

was taken. 
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Figure III.26 Structure factors for Feg_B from a normal and 

from an elastic scattering experiment. The 

hydrogen correction has been applied with 

c "0.015 and c -0.010, respectively. 
H H 

In order to choose 0 for the hydrogen contribution, it was 

assumed that the hydrogen was adsorbed by the specimen in the form 

of HO. Therefore the Debye temperature for water (0 «1300 K 

Egelstaff et al. 1961) was used. The choice for 0 for the 

hydrogen contribution in the scattered intensity only slightly 

affects the eventual value of c for an optimal fit with S(Q) from 
H 

experiment A. 

Under the assumption of 1.0% hydrogen in the specimen 7.3% of the 

scattered i-.itensity after application of the Debye-Waller correc-
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tion would stem from hydrogen. This was used to apply @ n for H20 

and 0 for Fe B separately. Application of the remaining 

correction procedures, with c =0.010, yielded the structure factor 
H 

given in fig. III.26. The value of c for an optimal agreement 
H 

with the structure factor for experimental A does not strongly 

depend on the Debye-Waller correction. 

Unfortunately no good counting statistics have been reached for 

experiment B. After the application of the Debye-Waller 

correction the H correction for this measurement is reduced to an 

incoherent scattering correction which is independent of Q. Since 

the Placzek correction has been avoided, the resulting value for 

c might be considered as a reasonable estimate for the hydrogen 
H 

concentration that is actually supposed to be present in the 

sample. In accordance with the conclusion from the FeNIP 

measurements (section III.5.3) the effective hydrogen 

concentration for a normal scattering experiment is found to be 

50% larger than the actual one. 

III.5.5. Concluding remarks 

The considerations and experiments discussed in this section have 

not unambiguously proven the presence of hydrogen in amorphous 

samples. However, some remarks can be made about the "hydrogen" 

correction that we have applied to eliminate discrepancies in the 

experimental results. 
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1. The hydrogen correction required to optimize experimental 

S(Q)*s and G(r)'s is very much larger than the Placzek 

correction. 

2. The hydrogen correction procedure yields consistent results for 

a relatively large concentration of hydrogen in the form of 

2 

3. The effective hydrogen concentration c Is about 50% larger 
H 

than the actual. This implies actual concentrations of about 1% 

for most samples. 

4. Hydrogen is not absorbed by the ribbon during the melt spinning 

process. Possibly H is adsorbed during specimen preparation, in 

which the ribbon is inevitably exposed to air. In that case 1% 

of H in the form of water would mean a layer of 150 nm on 

either side of the ribbon, which is a large amount. It must 

therefore not be excluded that the hydrogen might partly serve 

to compensate for other systematic errors. 
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IV. PARTIAL RADIAL DISTRIBUTION FUNCTIONS OF F e 4 0 N U o
U B 2 0 

IV.1. Introduction 

In most studies of amorphous metallic alloys the structure is 

described by the total reduced radial distribution function 

(rRDF), which can be obtained from a single diffraction experi

ment. However, because of its compound character the rRDF does not 

give a detailed description of the structure. More details are 

visible in the so-called partial rRDF's, or "partials" (section 

II.1.2). In recent years the partial rRDF's of several binary 

metallic glasses, such as Feft B- , have been determined (e.g. 

Sadoc and Dixmier 1976, Forgacs et al. 1980, Nold et al. 1981, 

Lamparter et al. 1982, Lamparter and Steeb 1985). Since dif

ferences in physical properties and in the total rRDF's of 

Fe.-Ni, B ? n and Fe-nB?n have been reported by several authors 

(Walter 1979, Svab et al. 1983, Aur et al. 1982, Thijsse and 

Majewska 1985), we have focused our work on the resolution of 

partial rRDF's for ^An^z.n'Sn in or<*er to clarify tne structural 

differences in more detail. In this chapter we report the results 

of this study. For metallic glasses to our knowledge it is the 

first attempt to determine partial rRDF's for a ternary alloy. 

Various diffraction methods can be used to determine partial 

rRDF's (Wagner 1978). Each one is based on combining the results 

of several experiments, with - in practice - the unfortunate 

circumstance that errors In the individual experiments have a very 

large Influence on final results. 
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For binary alloys, where three separate experiments are needed, 

the problem of determining all three partials is still tractable 

in well-selected cases. For ternary alloys, however, six partials 

have to be determined for a complete description, thus requiring 

six experiments under different diffraction conditions. Since the 

enhancement of errors would be intolerably high in such a case, we 

have introduced theoretical simplifications in order to allow a 

study on the basis of three diffraction experiments only. Our 

procedure yields the most significant partial rRDF's. A detailed 

discussion on this topic will be given in section IV.4. 

IV.2. Theory 

Of crucial importance for the description of multi-component non

crystalline atomic assemblies is the partial reduced radial dis

tribution function G (r), which has been defined by eq. (II.8). 

The number of partial reduced rRDF's of an n-component alloy is 

Y r(n+l). From G. .(r) the number of nearest j-type neighbours of 

an i-type atom, Zji, can be derived using the relation 

r 
u -

Z i j " Cj ' ( 4 l T r P o + r G i j ( r » d r ' <1V>1> 

where the integration bounds r„ and r enclose the r-range where 
x. u 

nearest neighbours can be found. 

The partial rRDF's G (r) can be obtained from the partial 

structure factors S (Q) by the equivalence of eq. (11.12). 

The equations (11.10), (11.11) and (11.14) indicate how to derive 
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partial structure factors from total structure factors obtained 

from several different experiments. If the three equations are 

combined for the I experiment and written as 

jj-n (n+1) 

S* (Q) - Z W* Sfc(Q), (IV.2) 
k = 1 

It can be seen that m = j n (n+1) different structure factors 

S (Q) are needed to obtain a full Inversion of the matrix VJ. The 

partial structure factors are then solved using 

\ (Q) " E W \ S* (Q) . (IV.3) 
K *=1 K 

Finally the partial rRDF's G ( r ) , here denoted as G ( r ) , are 
ij k 

obtained by applying the Fourier transform of eq. (11.12) to 

S (Q). As a measure for the numerical stability of the matrix 

inversion we introduce a figure of merit M, 

m m -1* 2 1/2 M - ( E E (W l T/m) 1' . (IV.A) 
k-1 l-l 

I 
M is a measure for the amplification of experimental errors &S (Q) 

to those of the calculated partial structure factors, <$S (Q). 

Ideally the S (Q)'s should be determined by applying one_ diffrac

tion method to one and the same sample in m different manners. 

Systematic errors nay arise if more than one diffraction method 

(section III.5.3) or if more than one sample (Dini et al. 1982) 
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is used. Magnetic neutron diffraction (e.g. Blétry and Sadoc 1975) 

and anomalous X-ray diffraction (e.g. Waseda and Tamaki 1976) in 

principle closely approach the ideal situation, but for FeNiB M 

would be too large ir these cases. Therefore we have opted for the 

application of one diffraction method, using several carefully 

selected samples. We have used neutron diffraction, applying iso-

topic substitution, a method to be preferred over isomorphous 

substitution (e.g. Wagner and Lee 1980). To obtain three partial 

rRDF's, neutron diffraction experiments were performed on 

_ „. _ _ 60„, 11_ . _ 62„, 11„ 
Fe40Ni40B20' Fe40 Ni40 B20 a n d Fe40 Ni40 B20* 

Direct experimental evidence for the structural equivalence of the 

three samples, an absolute requirement for the success of the 

method, is very hard to obtain. However, from earlier diffraction 

experiments on several specimens of ̂ e Nl P with natural 

isotopic substitutions, which were also produced In different 

batches, we found no significant differences in the diffraction 

pattern (section III.5.3). Since the mass of the Ni-atoms is 

expected to have very little influence on the structure, it seems 

safe to assume that the structures of these three FeNiB-batches 

are also virtually identical. 

IV.3. Experiment and total rRDF's 

Three Fe,QNi,0B20 powders were prepared by mixing Fe and B 

with Nl, Nl and Nl, respectively. The isotopic enrichments 

are given in table III.3, together with some scattering proper-
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ties. Each mixture was nolten twice to obtain a homogeneous alloy 

and was subsequently quenched in air on the surface of a copper 

wheel rotating with a surface speed of 35 m/s. Next, the amorphous 

ribbons produced in this process (thickness 30 pm, width 4.2 am) 

were wound into coils that were stacked in a 2 cm high vanadium 

cylinder with a wall thickness of 0.2 mm and an inner diameter of 

9.5 mr. Each of the specimens weighed approximately 11 grams. 

In the neutron diffraction experiments the Q-range 

9 nm~ < Q < 88 nm~ was covered by measuring at three detector 

positions (centre positions 28.8°, 57.6° and 82.8° 20) using a 

wavelength of 0.1111 nm. A wavelength of 0.0806 nm was used to 

measure the range 81 nm"1 < Q < 121 nm"1 at detector position 

82.8° 20. On the Q-scale the channel width ranged from 0.11 nm"1 

to 0.18 nm"1. 

The usual procedure to obtain the structure factors, as described 

in section III.3, was applied to the measured intensity patterns 

of the three specimens. The hydrogen correction has been applied 

with cu » 0.015 for Fe
n a tNi UB, cu - 0.014 for Fe

6°Ni UB and 

62 11 
c„ • 0.023 for Fe Ni B. For tbe magnetic scattering contribution 

(section III.S.S) Lhe magnetic moments were taken from Schaafsma 

(1981) (u • 1.96 and p - 0.66 Bohr magnetons). Including the 
Fe Ni 

magnetic scattering contribution the weighting factors W (Q) (eq. 

(11.13)) become 

c c (b b + f p (Q) p (Q)) 
V. .(Q) - M * 1 P * 2

 1 , (IV.5) 
13 <b>Z + f <p(Q)>' 
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Figure IV.1; The total structure factors for the three 

Fe,QNi, B- - specimens after correction for hydrogen 

contamination. The error bars indicate the 

uncertainty due to statistical fluctuations and known 

systematic errors. 
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where b is tne nuclear and p (Q) the Magnetic scattering 

length of element i and c. its fraction. The factor f is given in 

section III.3.1. Assuaing the atoaic Magnetic noaents to be 

randoaly oriented in the plane of the ribbons (Hasegawa et al. 

1977) one can easily derive that f * 7 for our cylindrical 

speciaens exposed to an unpolarized neutron beaa. 

The resulting total structure factors S M (Q), S (Q) and S (Q) 

are shown in figure IV.I. An indication of the uncertainties 

resulting froa statistical fluctuations and known systeaatic 

62 
errors is also given. S (Q) suffers froa large uncertainties due 

to the subtraction of a large Laue tern, but in the calculation of 

the partials their influence will be relatively snail (see section 

IV.4, table IV.2). 

As a final step in the data analysis the three G(r)'s were derived 

froa the S(Q)'s according to the discrete analogue of eq. (11.12). 

The total rRDF's G (r), G (r) and G (r) are given In figure 

IV.2, and some characteristics of structure factors and rRDF's are 

given in table IV.1. G (r) and G (r) show the linearity in peak 

positions r , r « (a + a * k)r , that was observed earlier by 

Thijsse (1984) for FeAANiAnP2n' F r o m t h e C u r r e n t "suits we find 

al - 0.144, a - 0.792 for G (r) and ^ » 0.124, a2 * 0.799 for 

G (r). The strong spurious oscillations in G (r) are due to the 

62 62 
poor statistics in S (Q). In the calculation of G (r) Lanczos 

smoothing (Lanczos 1966) has been applied. Apart from this we 

have not applied any smoothing procedures to the experimental 

data. The uncertainty 26G is indicated in figure IV.2. 
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Position of 1st maximum 

Height of 1st maximum 

Position of 2nd maximum 

Height of 2nd maximum 

cl 

c2 

pexp 

5G(r) 

Snat(Q) 

31.82 nm_1 

3.82 

54.18 nm"1 

1.57 

-0.04 

0.13 * 10" 3 nm2 

-

-

S6°(Q) 

31.84 nm"1 

3.79 

54.31 nra"1 

1.40 

-0.14 

0.37 * 10" 3 nm2 

-

-

S62(Q) 

23.05/31.68 nm_l 

2.23/4.00 

55.90 nm_l 

2.53 

-2.49 

0.59 * 10" 3 nm2 

-

" 

Gnat(r) 

0.253 nm 

691 nm"2 

0.425/0.486 nm 

201/68 nm"2 

-

-

102 nm"3 

3 nm-2 

G6°(r) 

0.253 nm 

560 nm"2 

0.427 nm 

215 nm"2 

-

-

106 nm"3 

3 nm-2 

G62(r) 

0.239 nm 

750 nm"2 

-

-

-

-

-

80 nm"2 

Table IV.1; Some characteristics of S(Q) and G(r) for the three 

FeNlB-speclmens. Lanczos smoothing (Lanczos 1966) has 

62 
been applied to G (r). 
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The dotted lines in figures IV.2 give the initial parts of the 

G(r)'s if the hydrogen correction is not applied. 

IV .4. The partial functions S,.(Q) and G (r) 

As stated earlier, too large error amplification factors M 

preclude the determination of all six partial structure factors of 

a ternary alloy. For FeNiB even five or four partials would 

require exceedingly accurate experiments. We believe that a study 

on the basis of only three partials is still meaningful, as long 

as three reasonable assumptions about the partials are made. These 

assumptions will now be discussed. 

1) In the first place it was assumed that Fe and Ni have identical 

distributions with respect to like neighbours, 

SFeFe(Q) " SNiNi(Q> =~ SMM(Q) ' ( I V* 6 ) 

This assumption, which defines S (Q), is based on the similar-
MM 

ity of the Fe-Fe and the Ni-Ni partial structure factors found 

for Fe„ B „ (NoId etal. 1981) and Ni B, „ (Lamparter et al. 
80 20 81 19 

1982), and on the similarity of many Fe- and Ni-based crystal

line compounds. Any small errors In assumption (IV.6) can be 

shown to have minimal effects, by a reasoning similar to the 

one presented later in this section. S (Q) has not been 

included in this assumption, because the Fe-Ni partial is 

sensitive to clustering or ordering among metal atoms. 

2) The B-B partial structure factor was taken to be equal to the 
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functlon S (Q) that was determined by Lamparter et al. (1982) 
BB ——~— 

for NI B . Although this is not necessarily correct, errors 
ol 1" 

in this assumption will not play a significant role, since 

S (Q) is in all three total S(Q)'s the partial with the small-
BB 

est weighting factor* This can be seen by writing out eq. 

(IV.2) for FeA0
NiAoB20 i n t h e l l m I t o f l a r 8 e Q (i.e. where the 

magnetic scattering is zero), 

S (Q) 
MM 

rsn a t(Q)\ - /0 .370 0.369 0.116 0.126 0.019\ f S_ „,(Q)1 

S60(Q) | - | 0.404 0.225 0.252 0.077 0.042 

tS 6 2 (Q) / - \7 .932 -7.855 3.076 -2.676 0.523; 

FeNi 

sFeB(Q) (iv.7) 

SBB ( Q ) 

For each structure factor W is small in comparison with the 
BB 

other four weighting factors. At small Q the values of W__ are 

even smaller. 

This leaves us with four partial structure factors to be determin-

C d : SMM(Q)' SFeNi(Q)' SFeB(Q) a"d SNiB(Q)' X"ray d i f f r a c t l o n c o u l d 

in principle provide a way to extend the number of experiments to 

four, but this would annul the advantage of one diffraction tech

nique and would almost double M. Both effects would lead to a high 

error level in the resulting four partials. Therefore, we have 

applied an alternative treatment, which we will now discuss in 

detail. 

3) As a guide to the discussion we introduce two Q-dependent 

quantities A and A , defined as 
M B 

AM " SFeNi«» " SMM(Q) ^ ' ^ 

file:///7.932
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A - S (Q) - S (Q) 
B NiBvy' FeB^' 

(IV.8b) 

There seem to be no a priori physical reasons for making any spe

cial assumption about the magnitude or Q-dependence of either A 
M 

or A . Also, details on this matter have not been reported for 

ternary alloys. For simplification only the particular assumptions 

A^ » 0 and A_ » 0 will be considered here. 

In case we adopt A - 0, we can calculate S (Q) (S„,U,(Q) = 
M M M M M 

V Q ) * SFeNi(Q))' SFeB(Q) and SNiB(Q) f r ° m the thtee t0tal 

S(Q)'s. If, however, th<* actual A Is not equal to zero this would 

cause systematic errors in the calculated partials, proportional 

to A . The proportionality factors 6 for the four partials are 
M i j 

given in figure IV.3a as a function of Q. They were calculated by 

4.0 

3.0 

2.0-

«5* 
1.0 

0.0 

-1.0 

• 

(a) assuming 

-

_ ^ F t B 

1 U r n ' " 

0 

NIB 

50 

S (Q)=S 

r»H\ 

100 

„(Q) 

ISC 

Q (nrrT') 

«O 

4.0-1 

3.0-

2.0-

1.0-

0.0-

-1.0-

(b) assuming S,„(Q)=SB„(Q) 

r p, N , B 

F«NI 

| | • I It - - — » m m m m 
F.B 

1 1 

50 100 

Q (nm") 
150 

Figure IV.3: The sensitivity of the four partial structure factors 

to errors in the assumption S^fQ) - S (Q) (a) and 
MM FeNi 

SNiB(Q) * SFeB(Q) (b)' T h e <ïuantlty 6 1 1
 ls e<*ual t o 

the ratio of the error in the calculated S..(Q) and 

the error in the assumption. 
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applying eq. (IV.3) for three partials and for four partials. In 

the same way, under the assumption A • = 0 we can calculate S (Q), 
B MM 

SpeNi(Q) and S M B ( Q ) ( S ^ Q ) a SFeB(Q) - SH1B(Q)). The proportion-

ality factors for the errors in the"; partials are given in figure 

IV.3b. A few remarks can be made: 

* The calculated S (Q) or S (Q) is equal to the actual S (Q), 
M M MM MM 

irrespective of \ , or A (The word 'actual' merely means 'not 

influenced by the size of A or A'.). 
M B 

* For small Q there is a difference between the actual S (Q) and 
FeB 

the calculated S _(Q) or S (Q), which is caused by the magnet-
FeB MB 

ic scattering. At large Q these three are identical. 

* The calculated partial structure factors are less sensitive to 

deviations from the assumption A « 0 than to deviations from 

the assumption A » 0. However, a priori nothing can be said 

about differences in the magnitudes of AM and Ag. 

Table IV.2 contains the inverse matrices W under both assump

tions. The error amplification factor M is seen to be more 

favourable if A « 0 is assumed. From the above discussion it was 
B 

decided to start with the assumption A - 0 and to calculate the 

partials S (Q), S_ ...(Q) and S (Q) on that basis. In section 
MM FeNI MB 

IV.5 we will come back to this point and also show the other set 

of partials. 

In figure IV.4 the Lanczos smoothed functions G (r), G_ (r) and 
MM FeNI 

Gw-(r) are given. Some numerical data are given in table IV.3. 
MB 
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AM = 0 A B = 0 

Q = O 

3.90 -3.12 0.22^ 

-11.72 13.15 -0.43 

-10.02 12.35 -1.33, 

M = 14.0 

3.90 -3.12 0.22 

4.41 -3.36 -0.05 

^-11.86 13.21 -0.35j 

M = 11.1 

Q - 120 nm"1 

3.63 -2.67 0.04) 

-8.22 9.26 -0.04 

-9.32 10.56 -0.24; 

M =• 11.1 

3.63 -2.67 0.041 

3.32 -2.31 -0.01 

-8.22 9.26 -0.04, 

M = 8.0 

Table IV.2: Inverted matrices of weighting factors, W , under 

the assumptions A 
M 

0 and A • 0, evaluated at Q • 0 

and at Q * 120 nm"1 (where the magnetic scattering 

contribution Is negligible). The error amplification 

factor M is also given. 

Numbers of nearest neighbours Z , given in table IV.4, were 

determined using eq. (IV.l). For r and r we used the r-values of 
* u 

the minima In G .(r) on either side of the first peak; p was 
IJ o 

taken as 100 nm"3 (from the X-ray G(r)). The choice of r„ and r 
* u 

does not strongly affect the value of Z ^z,± " 0.2). Following 



6Gij(r) Lnm-
2] 

*X [nm] 

r1 [nm] 

r2 [nm] 

r2 [nm] 

G (rj) [nm"2] 

G (rj) [nm"2] 

G (r£) [nm"2] 

G (rij) [nm"2] 

Fe40Ni40B20 ( t h l s W o r k ) 

GMM<r> 

16 

0.252 

-

0.423 

0.485 

628 

-

131 

122 

GFeNi<r> 

14 

0.253 

-

0.418 

0.485 

593 

-

128 

120 

W> 

42 

0.215 

0.283 

0.434 

-

544 

65 

329 

-

Fe80B20 ( N o l d 1 9 8 1 ) 

GFeFe<r> 

-

0.257 

-

0.420 

0.498 

851 

-

251 

154 

GFeB<r> 

-

0.214 

-

0.379 

0.457 

1263 

-

241 

220 

N181B19 < L a mP a r t e r 1982) 

GNiNi(r> 

-

0.252 

-

0.42 

0.49 

860 

-

170 

150 

GNiB(r> 

-

0.211 

0.25 

0.38 

0.45 

925 

-

230 

260 

Table IV.3: Peaks in the partial reduced rRDF'a of FeNiB. 

Literature data for the binary alloys FeB and NiB are 

given for comparison. For FeNiB Lanczos smoothing has 

been applied, which leaves r. (the position of the 1 

subpeak of the j peak) virtually unaffected, but 

reduces G(r,). 
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i-j 

M - M 

Fe - NI 

M - B 

B - M 

r [nm] 

0.207 

0.207 

0.168 

0.168 

r [nm] 

0.298 

0.298 

0.317 

0.317 

Z 

ij 

5.4 

5.3 

3.1 

12.3 

Table IV.4: Number of nearest neighbours Z for Fe, NI B . The 
1j 40 40 20 

values used for r and r (eq. (IV.1)) are listed In 

the first two columns. 

Carglll and Spaepen (1981) three short range order parameters, 

nFeNi» nFeBan<* nNlB' c a n ^e defined for amorphous FeNiB, 

'U c j z i z j 
- i , (IV.9) 

n n 
where Z = Z Z and <Z> - I c Z . The assumption A » 0 re-

j-1 l j 1-1 "1 1 B 

duces the number of Independent n 's to two: n and n (n 
ij FeNl MB MB 

nFeB * nNlB^* C a r 8 4 1 1 a n d Spaepen define the maximum chemical 

short range order as the one for which no atoms have like nearest 

neighbours. As has been widely accepted (e.g. Gaskell 1983), In 

80-20 metal-metalloid glasses no nearest metalloid-metalloid 

neighbours occur (Z - 0), which Implies that n has a maximal 
BB MB 
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value. With the data of table IV.4 we calculate n = -0.06 
FeNi 

(whereas its maximum value is +0.88) and n - 0.24. The small 
MB 

value of n (within the experimental error) indicates little 

chemical short range order among the metal atoms. 

The Bhatia-Thornton number-concentration correlation functions 

(Wagner 1978, section II.1.3), which constitute an alternative way 

of describing a multicomponent structure, yield little additional 

Information (figure IV.5). The absence .-** a pronounced peak around 

r » 0.25 n in G (r) again expresses the absence of conslder-
CHCH 

able chemical short range order at the metal atom sites. In 

agreement with GMB(r) (figure IV.4), the first peak in G (r) 
m
 VB 

(figure IV.5) Is split. 

Figure IV.5; The concentration-concentration correlation functions 

G (r) and G (r) for Fe,„N1, B under the 

VTI ¥ B
 40 AO 20 

assumption SpfiB(Q) -
 S

N1B(Q)« 
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IV.5. Discussion 

The most striking features in the partial rRDF's, shown in 

figure IV.4, are the great similarity of G (r) and G (r) and 
MM FeNi 

the split first peak of G (r). In this section we will discuss 
MB 

both features and their implications. 

The similarity of G (r) and G (r) indicates a random distribu-
MM FeNi 

tion of Fe and Ni over the "metal atom sites" in the structure, as 

was concluded earlier from n„ „. and G (r). The function 
FeNi c ^ 

G„ „.(O, unlike G.„,(r), shows a somewhat peculiar behaviour be-
FeNi MM 

fore the onset of the first peak. An explanation of this effect 

will be given in a later part of this section. The effect can best 

be seen in figure IV.6a, where for clarity G^^r) and G_ „. (r) are 
MM FeNI 

given in one plot. Moreover, we observe that under the assumption 

SF B ^ = StHR^ ^\ * °̂  no s i 8 n l f i c a n t differences exist be
tween G-_,(r) and G_ „. (r). It is then logical to adopt S„,(Q) " 

MM FeNi MM 

S_ (Q) (A - 0) as the third assumption and calculate G,^,(r), 
FeNi M MM 

G (r) and G„ (r). In this set G (r) is identical to the func-
FeB NiB MM 

tion G (r) calculated under the assumption A - 0 (figure IV.3). 
MM B 

The other two partials are displayed together in figure V.6b. Dis

tinct differences between G (r) and G (r) are found, the major 
FeB NiB 

part of which lies around the first peak, at r * 0.21 nm. One 

might be tempted to attribute these differences to an error in the 

assumption A - 0, to which G (r), unlike G _(r), happens to be 
M NIB FeB 

very sensitive (The proportionality factors in figure IV.3 very 

well resemble their counterparts in the r-space). However, at 



- 1 3 2 -

TOOO 

£ 500 
c 

E 
c 

500 

cT 

- 5 0 0 

* Gjr) 

G rJr) 

(b) Fe J l i Jfe 

AM 

A 

* .''. * A 

40 40 20 

- G H , . ( r ) 

f i* * * " yv 
W V 

* 

t v 

0.0 0.5 

(nm) 

- i — 
1.0 1.5 

Figure IV.6: (a) The partial reduced rRDF's G„„(r) (6G « 16 nm"2) 
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FeNi 

NIB' 
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these saall r-values G (r) and G (r) aust be identical, since 
Ml FeNi 

both functions are in their initial part and are therefore equal 

to -Awrp (eq. (II.8)). Therefore we conclude that the difference 
o 

between G _(r) and G (r) around r * 0.21 na is rot due to an 
FeB NIB 

incorrect assumption A - 0, but reflects true differences in 
M 

structure. As a result, an unrealistic difference between G ( r ) 
MM 

and G u.(r) occurs around r « 0.21 na because of their different FeNl 

sensitivity for A (figure IV.3b). In G (r) the first peak posi-
B FeB 

tion r is found to be 0.215 na and in G (r) r * 0.206 na, 
1 NiB 1 

illustrating the difference in aetal-boron bond lengths of Fe and 

Ni. The high and narrow first peak of G (r) indicates a 
NiB 

narrower distribution of nearest neighbour distances for NiB-pairs 

than for FeB- pairs. So far we have not been able to reach a 

definite conclusion about the origin of the difference between 

Gp g(r) and GN,.(r) around r » 0.55 nm. 

In sunaary it is concluded that for r > 0.25 na G (r) and 
MM 

G (r) are virtually equal and so are G (r) and G (r). 

Figure IV.6 gives a reliable picture of these partial rRDF's. For 

r < 0.25 na only two of these partials play a role, since both 

G (r) and G (r) are equal to -4*rp • In this region we find a 
MM FeNi o 

pronounced difference between G (r) and G (r). 
FeB NiB 

A coaparison with the partial rRDF's of Fe B (Nold etal. 1981) 
80 £.\j —~"~— 

and Nig.B.Q (Lamparter et al. 1982) shows a great reseablance in 

the metal-aetal partials (see also table IV.3). The splitting of 

the first peak of the metal-metalloid partial, which we find for 

FeNiB, was also found for Nia B _, but in that case rather as a 

81 19 
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aere asymmetry of the peak. Gaskell (1979) found a pronounced peak 

splitting in the Pd-Si partial, calculated for his Trigonal Pris

ma tic Packing aodel based on the structural unit of crystalline 

Pd Si, which, like crystalline M B and (FeNi) B (crystallisation 

products of Ni B and F e A n
H i

i n
B
7 n» respectively) has a cementite 

structure. In his model 36Z of the nearest aetal-metalloid neigh

bours contribute to the second subpeak. By fitting two Gaussians 

to the double first peak of G (r) for FeNiB we find 411 for this 
FIB 

contribution. However, the total nuaber of aetal atoas around a 

boron atoa that we find for FeNiB is considerably larger than 9, 

the value found by a nuaber of authors for binary alloys (see 

Gaskell 1983). It is Interesting to note that for Fe B no trace 

of peak splitting was found in the first G (r) peak. This situa

tion is reainiscent of what happens in crystals. In the crystal

line structures Ni B and (FeNi) B the distributions of aetal-

aetalloid distances are such that they lead to peak splitting of 

both the first and the second aetal-aetalloid shells (Wyckoff 

1960), while in Fe.B (DO -structure) only the second Fe-B shell is 
3 e 

split. This reseablance in near neighbour coordinations in amor

phous and crystalline structures has also been demonstrated by 

other techniques (e.g. Panissod 1983) and has been subject of an 

extensive study, which is based on the concept of para-para-

crystallinity. The results will be discussed in chapter V. 

IV.6. Conclusions 

In the metallic glass Fe, Ni,nB Fe and Ni are randomly dis-



-135-

tributed over the aetal atoa sites. This follows froa the siailar-

ity of G ( r ) and G u,(r). It is also expressed by a saall cheal-

cal short range order parameter n and by Che concentration-
FeNx 

concentration correlation function G (r). 
^^ 

The splitting of the first G (r) peak is auch aore pronounced for 
MB 

aaorphous Fe, Ni 11 than found for Ni B ,, by Laaparter et al. 
40 40 20 81 19 

(1982), whereas in aaorphous Fe»0
B20 (Nold et a l' 1 9 8 1) t n l s 

splitting is even coapletely absent. The nearest neighbour 

distances have a narrower distribution in NiB-palrs than in 

FeB-pairs in Ve.Jli.J^ 
r 40 40 20. 

REFERENCES CHAPTER IV 

Aur, S., Egaal, T. and Vincze, I. (1982); Proc. 4th Int. Conf. on 
Rapidly Quenched Metals, eds. T. Masuaoto and K. Suzuki (Sendai, 
Japan), vol. 1, 351-54 

Blétry, J. and Sadoc, J.F. (1975); J. Phys. F, 5_» LH0-17. 

Cargill III, G.S. and Spaepen, F. (1981); J. Non-cryst. Sol., 43, 
91-97. 

Dlnl, K., Cowlaa, N. and Davies, H.A. (1982); J. Phys. F, 12, 
1553-65. 

Forgacs, F., Hajdu, F., Svab, E. and Takacs, J. (1980); Proc. 
Conf. on Metallic Glasses: Science and Technology, eds. C. 
Hargitai, I. Bakonyi and T. Keaény (Budapest, Hungary), vol. I, 
283-89. 

Gaskell, P.H. (1979); J. Non-cryst. Sol., 32, 207-24. 

Gaskell, P.H. (1983); Models for the Structure of Amorphous 
Metals, In: Glassy Metals II, eds. H. Beck and H.J. Giintherodt 
(Springer, Berlin), 5-49. 

Hasegawa, R., O'Handley, R.C. and Mendelsohn L.I. (1977), American 
Institute of Physics, Conf. Proc, 34_, 298-303. 



-136-

Lamparter, P., Sperl, W., Steeb, S., and Blétry, J. (1982), 
Z. Naturforschung, 37a, 1223-34. 

Laaparter, P. and Steeb, S. (1985); Proc. 5th Int. Conf. on 
Rapidly Quenched Metals, eds. H. Uarllmont and S. Steeb (Uürzburg, 
F.R. Germany), vol. 1, p. 459-462. 

Lanczos, C. (1966); Discourse on Fourier Series (Oliver and Boyd, 
Edinburgh), 61-75. 

Nold, E., Laaparter, P., Olbrlch, H., Rainer-Harbach, G. and 
Steeb, S. (1981); Z. Naturforschung, 36a, 1032-44. 

Panissod, P. Bakonyl, I., and Hasegava, R. (1983); Phys. Rev. B, 
28, 2374-81. 

Sadoc, J.F. and Dlxmier, J. (1976); Met. Sci. Eng., 23, 187-92. 

Schaafsma, A.S. (1981); Ph.D. Thesis, University of Groningen (The 
Netherlands). 

Svab, E., Kroö, N., Ismaev, S.H., Sadikov, I.P. and 
Chernyshov, A.A. (1983); Solid State Comm., 46_, 351-53. 

Thijsse, B.J. (1984); J. Appl. Cryst., V7, 61-76. 

Thljsse, B.J. and Majewska-Glabus, I. (1985); Proc. 5th Int. Conf. 
on Rapidly Quenched Metals, eds. H. Uarllmont and S. Steeb, 
(Uürzburg, F.R. Germany), vol. 1, p. 435-438. 

Uagner, C.N.J. (1978), J. Non-cryst. Sol., 3\_, 1-40. 

Uagner, C.N.J. and Lee, D. (1980); J. de Physique, C8_, 242-45. 

Ualter, J.L. (1979); Mat. Sci. Eng., 3_9, 95-99. 

Uaseda, Y. and Tamakl, S. (1976); Z. Physik B, 23, 315-19. 

Uyckoff, R.U.G. (1960); Crystal Structures (Interscience Publ., 
New York), vol. II, ch.V., bl9. 



-137-

V. COLLECTIVE AND SPECIFIC TYPES OF SHORT AND MEDIUM RANGE ORDER 

IN METALLIC GLASSES 

V.l. Introduction 

The first attempt to model non-crystalline structures without 

pronounced directional bounding is due to Bernal (1964). The Dense 

Random Packing introduced by Bernal is based on space-filling 

requirements only. No specific directional effects are built in. 

Atoms are essentially spherical objects: initially hard spheres, 

in later work (by several other authors), soft spheres and spheres 

of two different sizes to model systems like Fe^^B»^. Mostly, as a 
80 20 

single concession to specific ordering, the avoidance of direct 

contact between the metalloid atoms in an 80-20 aetal-metalloid 

glass is imposed as an additional condition (Polk 1972). Curved 

space models (Sadoc 1981) and models based on molecular dynamics 

calculations (Kimura and Yonezawa 1983) can also be counted to 

this "spherical school". 

A second type of model, introduced by Gaskell (1979), accounts for 

the directional effects of chemical bonding between atoms. These 

models are based on a quasi-random packing of crystalline struc

tural units (trigonal prisms) rather than on a packing of single 

atoms. Trigonal prisms were chosen by Gaskell because they occur 

in many crystalline metal-metalloid compounds. A related interpre

tation based on the same structural units is the Simple Chemical 

Twinning model (Dubois et al. 1985). 
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Both the Dense Random Packing models and the prismatic packing 

models lead to radial distribution functions (RDF's) that agree 

reasonably well with those obtained from diffraction experiments 

on metallic glasses. Both models, however, result in too low 

densities if hard spheres or rigid prisms are packed. This is 

especially true for the prismatic packing models. Upon relaxation 

under a potential the density increases, but for the prismatic 

packing models this occurs at the cost of a considerable 

distortion of the original units, even beyord recognition (Lancon 

et al. 1984). Therefore, Gaskell's way to build a model in which 

bonding effects are accounted for is not completely satisfactory. 

However, a model for the metallic glass structure should 

incorporate the effects of chemical bonding, since similarities in 

short range order (within 0.35 nm) between amorphous alloys, such 

as Fe B , and their crystalline counterparts, such as Fe B, have 
80 20 3 

been found by several experimental techniques (Panissod et al. 

1980, 1983, Paul and Neddermayer 1985, Gardner et al. 1985). There 

exists a modeling method, based on manipulating RDF's derived from 

crystal structure data, which is different from Gaskell's method, 

but also uses recognizable chemical units. It involves the idea of 

disordered crystals, similar to Hosemann and Bagchi's (1962) para-

crystals. Since no real-space model is constructed, the overall 

density can not be determined. From the initial slope of the cal

culated rRDF's a theoretical density equal to that of the p?rT <t 

crystal can be derived. The method has been applied first by 

Faigel et al. (1980), who found a satisfactory agreement between 
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the experimental RDF for amorphous Fe B and a calculated RDF 

for disordered Fe_B, which has the DO crystal structure (Walter 
3 e 

et al. 1978). Later it was shown that no good agreement is found 

if one compares the experimental results with the calculated RDF's 

of related, but different crystal structures such as DO (Ni B) 

and C16 (Fe B) (Thijsse and Majewska-Glabus 1985). This confirms 

the hypothesis that similarities are only found in comparisons 

with the crystalline structure of corresponding composition. As 

additional support, Aur et al. (1982) and Faigel and Svab (1985) 

found that a disordered DO structure, which is the crystal 

structure of (FeNi)-B, represents amorphous FeNiB better than 

disordered DO does, 
e 

Although it was concluded that short and medium range order are 

alike in amorphous metals and their crystalline counterparts, this 

conclusion is based on too little experimental evidence. So far, 

glasses of Che transition metal-transition metal type have not 

been studied extensively from this point of view, nor have 

metal-metalloid glasses with a crystalline counterpart other than 

DO or DO . Also, up to this point most comparative studies of 
e 11 

amorphous and crystalline structures have been done either for 

nearest neighbour surroundings or for total RDF's. Partial RDF's, 

examined over r-ranges that include medium range order (at least 

up to 1 nm) form a much more demanding test. 
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In the present work we will use the disordered crystal method to 

show that the hypothesis of similar short and medium range order 

in metallic glasses and their crystalline counterparts is in 

general not true. In section V.2 the use of the RDF as the basis 

for comparing amorphous and crystalline order is examined, and a 

discussion is given of some aspects of disordered crystals as 

real-space models that were not treated in the work of Fiagel and 

Aur. Calculated partial RDF's for disordered crystals and experi

mental partial RDF's for metallic glasses of various types will be 

compared in section V.3. An important universality in shape that 

can be found for the experimental RDF's will be discussed in sec

tion V.4, and conclusions and implications for the metallic glass 

structure are discussed in section V.5, where a new model is 

proposed. 

V.2. Radial distribution functions of disordered structures 

Several authors have compared the experimental RDF's of metallic 

glasses with calculated RDF's of disordered crystalline structures 

in search of evidence of crystal-like short and medium range order 

in glasses (Faigel et al. 1980, 1985, Aur et al. 1982, 1984, 

Gardner and Cowlam, 1985). To calculate the RDF of a disordered 

crystal it is assumed that it can be represented by a smoothed 

version of the RDF of a perfect crystal. This non-trivial assump

tion seems to be justified by the fact that information about the 

topology, which is different in crystals and glasses, is not 

visible in the RDF. For the computation of the RDF for a 
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disordered crystal all Interatomic distances r and coordination 
k 

numbers N of the perfect crystal are collected, disregarding 

crystallographic directions and thus discarding the information 

about anisotropy. Each of the functions ó(r-r ) is then replaced 
k 

2 
by a normalized distribution function A, (r) of variance o , 

centered at r . Generally a Gaussian shape is assumed for A^. 

Partial reduced RDF's G. .(r) are calculated by adding the 

distribution functions for those r, that are distances between 

k 
i-type and j-type atoms, 

\ A k ( r ) 

G l i ( r ) " E < c r > " 4 ï ï p
0

r ' ( V , 1 ) 

k j 

with c. the molar fraction of j-type atoms, and Pn the number 

density. In this work we use the reduced RDF. Since the RDF and 

the reduced RDF differ only in normalization factors, we will 

simply use the abbreviation "RDF". The total RDF is obtained by 

adding the partial RDF's multiplied by weight factors, which 

depend on the diffraction experiment being considered. The type of 

disorder one wants to introduce in this way is determined by the 

choice of a, as a function of r, . Ideal thermal disorder is 
k k 

represented by a constant a , long range disorder is obtained when 

a, increases with increasing r, . It is not Immediately clear what 
k k 

to choose for metallic glasses. Faigel et al. (1980, 1985) use 

2 2 2 

°k " rk' Aur et al< (1982« 1 9 8 4) u8e °k " *V
 We w111 flrst deal 

with this problem. 
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V.2.1. The r dependence of a 

The para-crystal of Hosemann and Bagchi (1962) is a real-space 

disordered crystal model for which the r dependence of a can be 

calculated. In a para-crystal nearest neighbour atoms are 

connected by "primitive vectors" that are not equal to r., (a 

nearest neighbour vector in the crystal), but to r..+e, where e is 

a random variable described by a certain distribution function. 

Additional conditions are necessary to ensure topological order 

(enumerability) of the para-lattice, but Bagchi shows in a later 

paper (1970) that these have a negligible influence on the dis

tance statistics. In his paper he uses a single Gaussian distribu-

2 
tion function with variance a. for the nearest neighbour distances 

in a cubic lattice. The distribution function for the distance r, 
k 

between two arbitrary atoms A and B then results from the n-fold 

convolution of the nearest neighbour distribution function, where 

n is the smallest number of primitive vectors that connect A with 
2 

B. Since n is (approximately) proportional to r. , a. is 

proportional to r in a para-crystal. We will omit the index k and 

use the notation o (r). 

For densely packed structures like metallic glasses it seems 

unrealistic to assume that the uncertainty in the distance between 

two atoms A and B, as compared to the perfect crystal, is 

determined only by the positions of the atoms on the shortest path 
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between the two» Undoubtedly atoms in a wider neighbourhood have 

their influence, too. Therefore any sequence of primitive vectors 

2 
from A to B should give a certain contribution to o (r). We have 

simulated this by performing random walks on a three-dimensional 

simple cubic lattice. First a specific lattic distance r was 

selected. Then, for each random walk starting from a point A, the 

number of steps (m) that was needed to reach a point B at a 

distance r from A was recorded. Frequency distributions P(m), 

relative to the total number of successful walks, were computed 

for several distances r from 3 to 9.95 lattice units. It is 

assumed that each individual walk of length m gives a contribution 

2 
3m to the overall variance a (r), as in the para-crystal: 

2 2 
o (r) • £ P(m) 0m. This is equivalent to saying that o (r) is 

proportional to m, the average number of primitive vectors in a 

random walk. Consecutive back-and-forth stepping was forbidden, 

and walks that escaped a sphere with radius 2r around the starting 

point were rejected. It was checked that these restrictions had 

only an insignificant effect on the results. The frequency 

distributions are shown in fig. V.l. Curves for various distances 

2 2 
r were scaled by plotting r P as a function of m/r . It is clear 

from the figure that not only m, but in fact the entire distribu-

2 
tion function for m scales with r . Also, hardly any Influence 

from the exact crystallographic direction <hkl> is found. We can 

2 2 
therefore conclude that the variance a (r) is proportional to r , 

a (r) - yr . (V.2) 
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Figure V.I Scaled frequency distributions of the random walks of 

length m that cover a certain distance r between two 

vertices of a simple cubic lattice, plotted versus 

m/r2. The lattice constant is 1. Between 10000 and 

40000 walks were performed for each distance. 
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This result confirms the emperical relation of Aur et al. (1982, 

1984). Eq. (V.2) yields a more realistic representation of the 

medium range order in metallic glasses than the para-crystal rela-

2 
tion a (r) = Br. This becomes immediately apparent if RDF's are 

calculated on either basis, and compared with experimental RDF's 

over an r-range of 1 nm or more (fig. V.2). Since eq. (V.2) 

expresses a disorder growing with twice the power of the distance 

r that is found for the para-crystal, the name "para-para-crystal" 

was introduced for this model (Thijsse and Majewska-Glabus, 1985). 
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Figure V.2 Comparison between the experimental G (r) for 

Fe^B,,^ (Nold et al. 1981) and the calculated 
80 20 

G (r) for para-Fe-B and for para-para-Fe.B. 

V^2^2. Topology 

2 
Although the power of r with which a (r) grows seems to express 

nothing more than the fall-off rate of the oscillations in the 
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RDF, there are in fact important topological differences between 

2 2 2 2 
o (r) « r and o (r) « r . Whereas o (r) « r can be realized in a 

toplogically ordered structure (the para-crystal is an example), 

2 2 
this is no longer true for o (r) « r . As an illustration, 

consider building a 1-dimensional array by sequentially adding 

atoms in such a way that each new nearest neighbour bond is drawn 

from a distribution with mean r and a variance that depends on i, 

the running count. One obtains a para-crystal if the variance is 

independent of 1. For a para-para-crystal one would need to take 

the variance increasing with 1, which can eventually cause 

disorder in the sequence of atoms, i.e. atom 1+1 is placed between 

the atoms i-1 and 1. It also means that after a couple of steps 

the average local order is different from the local order in the 

beginning. Therefore one should not interpret a para-para-crystal 

as a real structure that can be build by adding atoms to a 

starting cluster. Rather, eq. (V.2) should be seen purely as a 

statistical description of medium range order in topologically 

disordered systems. In other words, although one can picture the 

vicinity of an average atom in a para-para-crystal quite easily 

(fig. V.3), 3uch a picture is a purely local view, i.e. is only 

valid as seen from a particular atom. 

In our opinion, the uncertainty about the topology of the 

para-para-crystal is not a serious drawback, as long as one uses 

the model only for the interpretation of diffraction data. The 

diffraction pattern itself, too, is a statistical quantity, as is 

the RDF derived from it. As sai-1 earlier, the RDF does not reveal 

whether the structure is topologically ordered or not. This does 
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Figure V.3 Scheaatlc picture of a close packed two-dinenslonal 

para-para-crystal with Y*0«0025 as seen from a 

particular atom (in the center). The circles denote 

the areas where atoms are located with a probability 

of 951. The radius of each circle is proportional to 

its distance to the center. This figure should be 

interpreted in a statistical sense only. 

not mean, however, that the RDF is an insufficiently powerful 

measure for the comparison of disordered structural models. For 

example, RDF's for different para-para-crystals generally have 

distinct shapes. Hence, although the short range topology cannot 

uniquely be derived from an RDF, each different topology known for 

crystals yields a different RDF. The essential element of the 

para-para-crystalline model is that its RDF reflects crystal-like 

short range order in combination with the correct decay rate of 

medium range order. 
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In the remaining part of this chapter we will compare calculated 

partial RDF's for para-para-crystals with experimental results for 

metallic glasses. Contrary to earlier conclusions (Faigel et al. 

1980, 1985, Aur et al. 1982, 1984, Thijsse and Najewska-Glabus 

1985), it will be shown that the para-para-crystalline model does 

not give a full description of the experimental results. 

Nevertheless it provides the starting point for an alternative 

model of the glassy metallic state, which is partly based on the 

para-para-crystal. 

A summary of the crystal structures that we have considered is 

given in table V.l. Following Aur et al. (1982) a 51 variation in 

the nearest neighbour distance was taken, which results in 

Y*0.0025. Variations in this value did not introduce new relevant 

features in the calculated RDF's, hence no attempts were made to 

refine the calculations by using different values for the 

different partial RDF's. Thermal and Instrumental broadening of 

experimental RDF's can be shown to be small in comparison with the 

broadening introduced by para-para-crystalline disorder. 

In most cases a small difference in composition exists between the 

para-para-crystal and the glass it is compared with. This is not 

an objection for the comparison of the partial RDF's, since a) the 

partial RDF's are normalized with respect to the molar fractions 

of the atomic types, and b) the actual shape of the experimental 

total RDF's is found to be almost constant over large ranges of 

composition (see e.g. Sakata et al. 1982). 
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Table V.l Crystal structures involved in the present calculations 

of rRDF's for para-para-crystals. Nearest neighbour 

distances were calculated fro» the partial rRDF's (± 

.002 nm). Apparent atomic radii have been calculated 

assuming close contact wherever that seems reasonable. 

Structure 

type 

(Pearson 1958) 

DO 
e 

DO 
e 

W l l 

"ll 
D03 

L l2 
Re3B 

C22 

C15 

C16 

C32 

B2 

E93 

Bf 
C16 

C 1 5b 
Bll 

L 1o 
C U b 
MoPt2 

System 

A B 
n m 

Fe3B 

Ni3P 

Ni3B 

Pd3P 

Mn3Si 

Ni3Si 

Re3B 

Pd2Ge 

Fe2Y 

Fe2B 

RuB2 

NiTi 

NiTi2 

NiZr 

NiZr2 

Ni5Zr 

CuTi(Y) 

CuTi(5) 

CuZr2 

VPd2 

Nearest neighbour 

distance (nm) 
AA AB BB 

rl rl rl 

.252 .221 .368 

.263 .232 .361 

.252 .202 .305 

.292 .233 .375 

.248 .248 .405 

.247 .253 .349 

.277 .223 .287 

.278 .237 .349 

.260 .305 .319 

.263 .218 .213 

.285 .218 .165 

.310 .266 .309 

.287 .253 .296 

.261 .272 .340 

.262 .276 .418 

.237 .281 .474 

.250 .266 .283 

.308 .264 .308 

.322 .286 .314 

.275 .270 .273 

Apparent 

atomic radii 
(nm) 

Fe .126 B .095 

Ni .132 P .100 

Ni .126 B .076 

Pd .146 P .087 

Mn .124 Si .124 

Ni .124 Si .129 

Re .139 B .085 

Pd .139 Ge .098 

Fe .130 Y .160 

Fe .131 B .087 

Ru .136 B .082 

Ni .105 Tl .148 

Ni .131 Zr .141 

Ni .131 Zr .145 

Ni .118 Zr .163 

Cu .125 Ti .141 

Cu .129 Zr .157 

V .135 Pd .135 
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Figure V.4 Partial Faber-Zlman reduced radial distribution 

functions. Experimental data are for Fe „B_ (Nold et 
80 20 — 

al. 1981) and calculated curves for para-para-crys-

talllne Fe„B. 
3 
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Figure V.5 Partial Faber-Zlman reduced radial distribution func

tions. Experimental data are for Ni B (Lamparter 

et al. 1982) and calculated curves for para-para-

crystalline Ni B. 
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V.3. Results and comparison with experimental data 

Within the scope of this work it would be impossible to show the 

partial RDF's calculated for all para-para-crystals listed in 

table V.l. In this section we will present the results for a 

number of typical glasses. 

V.3.1. Partial RDF^s 

V.3.1.1. FeafjB̂ n and NioiBjg 

Experimental partial RDF's of amorphous Fe__B (Nold et al. 1981) 

and Ni0 B Q (Lamparter et al. 1982) are shown in figures V.4 and 

V.5 together with the calculated RDF's for the para-para-crystals 

Fe B and Ni b, iespectively. It is immediately evident that the 

para-para-crystals do not give a correct and complete representa

tion of all three partial RDF's. For FeB, G (r) is reproduced 
FeFe 

well by the calculations (even up to 1.5 nm), but discrepancies 

are present in G _(r) above 0.5 nm; and, apart from a slight 

coincidence around the first peak, no resemblance is found between 

the calculated and experimental G (r), although the experimental 
BB 

data are probably not very accurate. For NiB the results are 
basically the same, although the agreement is somewhat less for 

G , (r) and the second peak of G., (r). These results illustrate 
NiNi NiB 

the dangers that lie in comparing amorphous and disordered crys

talline structures of compositions like Fe B on the basis of 

oU 20 

total RDF's alone. The good agreement in total RDF's reported 

earlier (e.g. Thijsse and Majewska-Glabus 1985) can now be seen to 
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be fortuitous. This agreement does not justify the conclusion that 

the amorphous and the disordered crystalline structure are 

completely similar, because the FeB- and BB-partials hardly 

contribute to the overall result. This is the case for many metal-

metalloid glasses examinei. by X-ray diffraction. 

The same calculation was performed for a Ni B para-para-crystal in 

which the B atoms were randomly distributed over all prismatic 

interstitial positions, instead of being located in one specific 

type (Aronsson and Rundqvist 1962). These calculations did not 

yield a G (r) that was in better agreement with the experimental 
BB 

data. 

Figs. V.6 and V.7 show the comparison between the same experimen

tal ar.d calculated data in Q-space, i.e. as partial structure 

factors S (Q). The advantage of comparing structure factors, 

instead of RDF's, is that structure factors are directly obtained 

from the experimental diffraction data, and consequently they are 

not influenced by mathematical artifacts introduced by the Fourier 

Transformation of statistical and systematic errors. It is worth

while to examine whether the discrepancies between calculated and 

experimental RDF's in r-space show up differently in Q-space, say 

sharply concentrated in peak regions, or roughly in the same way, 

i.e. more or less evenly distributed over the curves. The figures 

show that the latter is the case: a reasonable to good agreement 

is found for the metal-metal partial structure factors, little 

agreement for the metal-metalloid results, and almost no agreement 

for S (Q). This indicates that the observed discrepancies between 
BB 
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60 

Q (nm"1) 

Figure V.6 Partial structure factors. Experimental data are for 

Ni B (Nold et al. 1981) and calculated curves for 

para-para-crystalline Fe.B. 
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Q (nm"') 

Figure V.7 Partial structure factors. Experimental data are for 

Ni B (Lamparter et al. 1982) and calculated curves 
81 19 —~"~~ 

for para-para-crystalline Ni.B. 
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model and experiment cannot be ascribed to experimental errors. 

From the figures V.4 to V.7 it can be concluded that the para-

para-crystal is successful only in reproducing the metal-metal 

partial RDF's. Since the comparison for the DO -structure (Fe B) 

gave better results than for the DO -structure (Ni B) we have 

also compared the experimental results for Ni R 1
B
1 Q with the para-

para-crystalline curves of the DO -structure (fig. V.8). The DO -

e e 

structure describes the Ni B data better than its "own" Ni_B 

(DO ) structure (fig. V.5), notably In the 1st and 3rd peak 
regions of G (r) and in the 1st peak region of G (r). The 

N1N1 BB 

first peak of G (r), however, is better represented by 
NIB 

para-para-Ni_B. This better fit is also expressed by the 

correspondence In nearest neighbour peak heights (not shown in the 

figures). This is an important result, since this peak is 

determined by the immediate interaction between metallic and 

metalloid atoms, and is - out of all features of the RDF's -

probably the best indication for the presence of an amorphous 

short range order that resembles the short range order in crystal

line Ni B. The good fit of the main B-B peak in the comparison of 

fig. V.8 plays an important role in the determination of the type 

of the medium range order, which appears to be that of the 

DO -structure. This will be discussed in more detail in section 
e 

V.5. 

V»3»l»2» Nigo?20 

Lamparter and Steeb (1985) have compared their experimental 
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Figure V.8 Cross-comparison between the experimental rRDF's for 

NI B and the para-para-crystalllne rRDF's for 

Fe3B. 
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partial RDF's for amorphous Ni P ̂  with those for Ni B , con-
80 20 81 19 

eluding that the two glasses have a similar structure. However, 

they did not mention a difference between the first peaks of the 

Ni-metalloid partials. G (r) has a sharp and symmetrical first 
Nir 

peak, whereas the first G (r) peak is asymmetric and less sharp. 
NIB 

The same difference can be found in our calculated results for 
para-para-crystalline Ni_P (DO ) and Ni,B (DO,,), see fig. V.9. 

3 e 3 11 

Therefore a distinction should be made: the medium range order in 

amorphous NI P is comparable to that in amorphous Ni B , but 

at short distances the difference between P and B atoms is felt in 

a way corresponding to the crystals Ni P and Ni B. Taking into 

account the experimental uncertainty of G_B(r) f°
r Fe«0B20 ^*8« 

V.4), the experimental partial RDF's for Ni_ P. and Fefif.B20 seem 

to be completely alike. 

V.3.1.3. Mn74Si23P3 

As far as we know, MnSi is the only metal-metalloid glass for 

which reliable experimental RDF's have been reported, that has a 

crystal structure different from those of the (Fe, Co, Ni) (B, C, 

Si, P)-family: Mn Si has a cubic structure (DO ). It is therefore 

interesting to examine whether the experimental RDF's for 

amorphous Mn_,Si P, are also different. Fig. V.10 displays the 

calculated G„ „ (r) for para-para-Mn.Sl, showing a split first 
MnMn 3 

peak, together with the experimental RDF for Mnj.Si.-P,, obtained 

by X-ray diffraction (Paasche et al. 1982). unfortunately no 

partial RDF's are available for this glass. For a correct 
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Calculated partial metal-metalloid rRDF's for the 

para-para-crystalllne DO (sol id) aid DO, (dashed) 
e 11 

structures, showing the first ptak region in detail. 

The curves are calculated for Fe„B and Ni B, 
3 3 

respectively, but differ only slightly for e.g. Ni.P 

and Pd.Si. 
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comparison between calculated and experimental results, calcula

tion of the total RDF would be necessary. As In the case of the 

Fe- and Ni-borides, however, the calculated partial RDF's 

Involving Si are too unrealistic to be included. Nevertheless, the 

comparison of fig. V.10 is allowed, because the experimental 

results are dominated by the Mn-Mn partial RDF. It is evident from 

the figure that the experimental RDF lacks the typical features of 

para-para-Mn Si. This is the first example to show that the short 

range order in the amorphous state is not necessarily similar to 

that of the corresponding crystal. Instead, the RDF of amorphous 

Mn_,Sl P looks very much like the metal-metal RDF of para-para 

DO . Most probably the cubic character of the DO -like short range 

order Is incompatible with the prismatic medium range order of the 

DO -type. 
e 

V.3.1.4. Ti60Rl40 

One of the important differences between the metal-metal glasses 

and the metal-metalloid glasses discussed so far is that the 

composition of the first type of materials Is generally close to 

50-50. Whereas the chemical short range order in metal-metalloid 

glasses shows an avoidance of nearest neighbour contact between 

the less abundant type of atoms, this can not be effectuated for 

the compositions of most metal-metal glasses, and one would expect 

differences between the RDF's of metal-metal and those of metal-

metalloid glasses. 
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Figure V.10 Calculated Gu (r) for para-para-crystalline Mn„Si, 
MnMn 3 

compared with the experimental total rRDF for 

amorphous Mn74
S1

23
P3» obtained by X-ray diffraction 

(Paasche et al. 1982). 
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Although quite a few partial RDF's have been published for these 

glasses, it is hard to establish which are the most reliable, 

since in some cases the results of different groups for the same 

glass do not agree in enough detail. We have chosen the results of 

Fukunaga et al. (1984) for Ti,n
Ni.n

 f o r a comparison with para-

para-Ti Ni. Both the experimental and the calculated G (r) are 

shown in fig. V.ll. The experimental G (r) has a greater 

resemblance to the metal-metal RDF for the glasses shown earlier 

in this section (and consequently to that of para-para-DO ) than 
e 

to its "own" para-para RDF. Already Fu naga had noted the 

similarity between G N m ( r ) for Ti6QNi40 and GBB(r) for Ni^B^, 

apart from an extra (nearest neighbour) peak in G (r) due to 

the larger concentration. The two observations indicate the strong 
similarity between Ti,„Ni,„ and Ni B . J 60 40 81 19 

More examples of such similarities could be given. As a general 

trend one finds a good correspondence between the metal-metal 

partial RDF of the DO -structure and the experimental partial RDF 
e 

of the more abundant type of atoms in glasses in a wide range of 

compositions. Apparently amorphous metals, having large internal 

energies, do not form different structures, between which the 

internal energy differences are relatively small, like crystalline 

metals do. The type of chemical ordering in glasses is therefore 

generally not a simple "smoothing" of the crystal ordering, and 

the para-para-crystal as such is not successful as a model. 
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Figure V.ll Calculated G ±(r) for para-para-crystalllne Tl NI, 

shown together with the experimental G_ (r) for 

amorphous Ti N1 (Fukunaga et al. 1984). 
01) 40 ~ — ™—•™— 



-16M-

V.4. The shift-effect and universality in experimental RDF's 

V.4.1. Theshlft-effect 

An interesting feature of the experimental partial RDF's for 

metallic glasses is the so-called "shift-effect". The name 

expresses that the three partial RDF's of a binary glass are 

nearly identical apart from a small shift along the r-axis. The 

effect was first recognized - although not to its full extent - by 

Lamparter and coworkers in their results for Fe„ B (Nold et al. 
80 20 

1981) and Ni B (Lamparter et al. 1982). 
81 19 " 
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Figure V.12 The shift -effect in N1
81

Bi«,« The experimental partial 

rRDF's G„.MJ(r) and G__(r) shown superimposed on 
NiNl BB 

Wr) 3fter 8hlftS ° f "'NIB 0.038 nm and 

Ar " 0.090 nm, respectively, in the positive 
BB 

r-direction. 
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In fig. V.12 the original data for NI B are re-plotted to show 
81 1 7 

the shift-effect in detail. The partial RDF's G (r) and G__(r) 
NiB Bo 

are shown in one graph with G„.„.(r) after being shifted over 
NiNi 

Ar - 0.038 nm and Ar - 0.090 nm, respectively. The three 
NIB BB 

curves are now practically identical. G (r) shows a nearly 

perfect coincidence with G (r), and G (r) differs in only one 
NiNi BB 

respect, viz. the transfer of nearest neighbours from the first to 

the second peak. There may be some doubt whether the weak maximum 

in the shifted B-B curve around r • 0.25 nm denotes the occurrence 

of "forbidden" nearest neighbours, or is a spurious oscillation, 

but in view of the results for Ti,-Ni,- there is reason to accept 

the first alternative. The shift-effect is also found in Fe00Bon, 

in Nio0
P20» an<* i n Ti60Ni40* M o r e o v e r ifc i s present in the partial 

RDF's recently published for Dy.-Ni- and Y Ni__ (see Steeb and 

Lamparter 1985), and for Ni62
Nb3o (Svab et al' 1986). Evidently 

its occurrence is independent of the size and chemical nature of 

the constituent atoms and of the concentration rato. The magnitude 

of the shift Ar (for an alloy AB) is - within the experimental 
A-D 

errors - equal to the difference In the radii of the A and B 

atoms, and the magnitude of Ar is twice as large. It can be 
BB 

established that the shift-effect is not due to an artifact in the 

numerical data processing routines. This is corroborated by the 

fact that the effect is also found for some relaxed Dense Random 

Packing models (Fujiware and Ishii 1980) and prismatic packing 

models (Gaskell 1979, Gaskell 1985a). 
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The shift-effect has two implications. The first is connected with 

the r-shifts themselves. This can be illustrated by considering a 

1-dimensional glass, e.g. AnnB . Such a glass consists of a 

closely packed, random array of two kinds of atoms, big ones (A) 

and small ones (B), in which B-B nearest neighbours are not 

excluded. It can be shown by a simple argument why under such 

conditions the shift-effect will occur. Consider two atoms with an 

unspecified cluster of atoms in between. The expected frequency of 

occurrence of that particular cluster length Is independent of 

these head and tail atoms. If both these atoms are big ones, the 

cluster length is counted in the A-A RDF. It both are small atoms, 

the same length is counted in the B-B RDF, but the two r-avlues at 

which it would contribute In the RDF's differ by twice the dif

ference in the radii of A and B atoms. This argument also shows 

that the occurrence of the shift-effect is not dependent on the 

composition of the glass, nor on the atomic radii. The shifts in 

the partial RDF's are directly related to the essential properties 

of this very simple glass: the substitutional character of the A 

and B sublattices, and the dense packing of the structure as a 

whole, combined with the fact that the glass contains atoms of 

different sizes. The same argument can also be applied in 3 

dimensions. 

The second implication of the shift-effect is the universal nature 

of the glassy structure: only one partial RDF is needed to charac

terize the information obtained from diffraction experiments. In 

the preceding section it was shown that for all binary glasses the 
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medlum range order expressed by this "master" RDF is described 

well by the metal-metal RDF of the para-para-DO structure. Only 
e 

in the first peaks of the partial RDF's similarities with the 

short range order of the crystalline counterpart of the glass are 

found, but not if this short range order is incompatible with the 

DO -like medium range order. The shift-effect is not found in any 
e 

of the para-para-crystalline RDF's. This is another indication of 

the failure of the para-para-crystal as a full model of the glassy 

state. 

V^4^21_Rcconstructlonjcr .total RDF's 

Also glasses for which only total RDF's are available can be used 

to study the universality of the shapes of the partial RDF's and 

the shift-effect. To do so we took the experimental partial RDF's 

for Ni B (fig. V.5, Lamparter et al. 1982) as "standard" RDF's, 

81 19 —~——— 
because these are probably the most accurate partial RDF's 

reported so far. We now propose that for any glass A B (p>q) the 
P 1 

partial RDF's can be constructed by scaling the r-scale of the 

Ni B partial FDF's by a factor r /r , the ratio of atomic 

radii, and applying the shift-effect in accordance with the atomic 
2 

radii r. and r_. The values G (r) must be multiplied by (rN1/
r
A) 
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1000 
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-500 
0.0 0.5 

(nm) 
1.0 1.5 

Figure V.13 Total rRDF for amorphous NI Nb,, obtained by neutron 

diffraction, shown together with a calculated curve 

constructed on the basis of the partial rRDF's for 

N181B19 ( 8 e e t e X t )' 

to ensure correct atomic densities. A total RDF can then be 

obtained by assigning the diffraction weights to the partial 

RDF's, and adding them. 

As an example, fig. V.13 shows the result of such a procedure for 

the total RDF of NiftflNb#n*
 T n e °Pen points are the experimental 

data, already presented in chapter 111 of this thesis. The drawn 
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curve is the result of adding the three experimental partial RDF's 

of Ni B with the modifications described above. G (r) was 
ol 19 NiNl 

rescaled to obtain a nearest neighbour distance of 0.256 nm, 

instead of the original 0.252 nm, and G (r) and G (r) were 
NIB BB 

similarity scaled by a factor 256/252. The scaled G (r) curve was 
BB 

attributed to Nb-Nb and shifted over Ar =* -0.014 nm, being the 

difference in the Ni and Nb diameters. G (r) was obtained by 
NiNb 

shifting the scaled G (r) over -0.007 nm. All G (r)-values were 
NID i J 

2 
then multiplied by (252/256) = 0.969. Finally each curve was 

multiplied by its neutron scattering weight for Ni^Nb,,*» and the 

three were added. The Nb diameter of 0.270 nm was taken from 

Forgacs et al. (1980); the Ni diameter was adjusted to yield an 

optimal fit. 

The correspondence with the experiment is seen to be quite good. 

The medium range behaviour in Ni, Nb,_ from 0.5 to 1.5 nm is well 
60 40 

predicted on the basis of the ^io^B.- partial RDF's. Note in 

particular that in this construction, unlike for N1fl1
BiQf the 

scaling of the partial RDF's is determined by the smallest atoms. 

Scaling of G. ,(r) for Ni„ B „ in order to represent G (r) for 
NiNi 81 19 NbNb 

Ni Nb.n proved impossible with a reasonable value for the atomic 

diameter. It follows that the scaling is determined by the most 

abundant atom, not by !:he biggest. This is different from the 

conclusion of Steeb and Lamparter (1985), although not in conflict 

with their data. 

The compound RDF in figure V.13 fails to reproduce the first peak 
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in detail, because this peak is more specifically determined by 

interactions between Ni and Nb atoms and by the composition of the 

alloy. The relatively large concentration of Nb here causes the 

occurrence of a nearest neighbour peak in G. _ (r) and a lower 
NbNb 

first peak in G„,>tv(r) (Forgacs et al. 1980). 

Following the same procedure we have reconstructed the X-ray total 

RDF's for Mg Ni and Mg Cu (Nassif et al. 1983), using 
84 16 85 15 — — — 

r * 0.155 nm, r * 0.110 nm, and r * 0.116 nm. It was found 

that in the constructed curves the splitting of the second peaks 

was absent, just as in the experimental RDF's. The total RDF for 

Ca Mg , reported in the same paper, was also reconstructed, 

using r_ • 0.197 nm and r„ • 0.160 nm. The usual second peak 
Ca Mg 

splitting was found again. 

Sakata et al. (1982) have reported X-ray RDF's for Cu Ti -glass-
x ..-x 

es, for seven values of x between x-0.35 and x»0.70. To a large 

extent these seven RDF's are Identical, but for three of the RDF's 

the period of the oscillations is different from the other four. 

This difference also appears in our reconstructed total RDF's, 

with r - 0.130 nm and r„ -0.137 nm. It is caused by the 
Cu Ti 

different scaling factors that have been used for x<0.50 and 

x>0.50. A priori it can not be said which element will determine 

the scaling for x-0.50, but from the experimental RDF's one can 

conclude that for this glass Cu is the determining element. 

These results illustrate the universal occurrence of both the 
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shift-effect and the shape of partial RDF's as found for Ki B . 

As far as we know, the ternary alloy (Ru_.Zr..,), B (x=0.46, 

0.48, 0.52) Is the only exception. X-ray diffraction experiments 

by Nehra et al. (1983) yielded total RDF's with a shape that Is 

completely different from that of the partial RDF's for M B . 

In these glases no indications for a prismatic, DO -like medium 
e 

range order can be found. Instead, the RuZrB data show a striking 

correspondence to the Ti-Tl RDF for para-para-crystalline Ti Ni, 

shown in figure V.ll. This matter is not understood at present. 

V.5. Discussion and conclusions 

The experimental partial RDF's for M B (Lamparter et al. 1982) 

are found to be characteristic for the structure of a large 

variety of metallic glasses. These partial RDF's indicate a medium 

range order that Is similar to the (prismatic) medium range order 

in the DO -structure. In this section we will discuss the role of 
e 

this structure in metallic glasses and that of the companion 

DO -structure. The DO -structure is the crystalline form of many 

metal-metalloid compounds and is the basis of the prismatic 

packing models proposed by Gaskell (1979) and Dubois et al. 

(1985). 
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(°) 

(b) 

Figure V.14 The basic structural units of the DO (a) and DO 
e 11 

(b) crystal structures shown as stereo pairs. 

The basic structural units of the DO - and the DO, -structure are 
e 11 

shown as stereo pairs in figure V.IA. Both consist of a metalloid 

(m) atom surrounded by nine transition metal (M) atoms. The 

DO -unit is the well-known (Gaskell 1979) capped Trigonal Prism, 

in which three N atoms are slightly further from the m atom than 

the other six. In the DO -unit nine different M-m bond lengths 
e 

occur, symmetrically distributed around a mean value. The 

distribution of M-m distances Inside these units is reflected by 
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the first peak of G ( r ) of the para-para-crystals (fig- V.9). The 
Mm 

DO -unit can be regarded as a distorted form of the DO,,-unit 
e 11 

(fig. V.14). The use of the DO -unit as the basis for the struc

ture of metallic glasses is therefore not necessarily in contra

diction with DO -based structures (Gaskell 1979, Dubois et al. 

1985) since these are heavily distorted in the relaxation process 

required to obtain a correct overall density (Lancon et al. 1984). 

Neither is it in contradiction with Gaskell's stability calcula

tions (1985), in which he considered, in addition to the units 

discussed here, singly capped Archimedean Antiprisms, which have a 

M-m distance distribution very similar to the one of DO . 

An important difference between DO and DO is the way in which 

the structural units are coupled to form the complete crystal. 

Although in both cases each unit is surrounded by 11 neighbouring 

units, in DO each M-atom belongs to 3 units and in DO a N-atom 
11 e 

can belong to either 2,3 or 4 units, depending on its particular 

position in the structure (Aronsson and Rundqvist 1962, Gaskell 

1983, Doenitz 1985). 

To interpret the amorphous structure in terms of the DO - and 

DO -structures we will, like Gaskell (1979), consider the glass 

to consist of units, packed according to a certain coupling 

scheme. Short and medium range order, as defined earlier in terms 

of distance ranges, cannot be separately attributed to the shape 

of the unit and the type of coupling, respectively. Taking into 

account the coordination numbers (9 for G (r), 32/3 and 34/3 for 
Mm 
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G (r), Pearson 1958) and the distances within one unit, we can 

set up a table, where the effects of the two geometrical features 

on the different peaks of the partial RDF's are collected (table 

V.2). 

Table V 

<Wr> 
<wr> 
G ^ r ) 

>2 Table showing, for an amorphous alloy M m , on which 
80 20 

parts of the partial RDF's the shape of the structural 

unit (u) and the coupling scheme of the units (c) have 

a direct influence. NNb is an abbreviation for Nearest 

Neighbour. 

NNb peak 

u + c 

u 

— 

next-NNb peak 

1st subpeak 2nd subpeak 

u + c 

c 

c 

c 

c 

c 

For comparison with RDF's it may be helpful to realize that the 

largest M-M distances inside one unit are 0.428 nm for DO -Fe B 

and 0.439 nm for DO -Ni B. From table V.2 and the figures V.5 and 

V.8 it can be concluded that the glass N 1 8 1
B
1 9»

 a s a typical 

example for the universal structure for metallic glasses, consists 

of disordered DO -units (D0 n *» the structure of the correspond

ing crystal Ni B), which are coupled according to a DO -like 
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coupling scheme. 

On the basis of table V.2 and the evidence presented in the 

preceding sections we propose to simulate the structure that 

appears to be present in nearly all binary metallic glasses AB by 

the following steps. 

* Start with a DO -crystal, for which the unit cell dimensions are 

adapted to the diameters of A and B atoms. 

* Place the A atoms (the more abundant element) at the metal posi

tions and the B atoms at the remaining positions. If necessary, 

overflow of allocations to the "wrong" type of crystal positions 

is allowed. In this process atomic sizes play only a minor role. 

The DO -structure is known to be very flexible in accepting 
e 

atoms with a range of size ratios. 

* Interchange, at random positions, a number of neighbouring A and 

B atoms, keeping the number of B-B nearest neighbour small, in 

agreement with the experimental observations. This represents 

the introduction of a structure on a substitutional basis, while 

at the same time the DO -framework is largely preserved. 
e 

* Introduce limited changes in the shape of the A B units to 

obtain a better correspondence with the units of the crystal 

structure of a composition close to that of the glass. This 

relaxation to a short range "eigenstructure" can only take place 

as far as the final unit shape can be accommodated by the 

DO -like organization, i.e., if the eigenstructure is not too 
e "~"™—* 

different from any of the prismatic units discussed above. This 
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process leads to a dense packing and introduces an amorphous-

like disorder. 

This scheme seems to cover most effects and features found in the 

experimental RDF's now available. Note that the correspondence of 

amorphous and crystalline short range order as a general principle 

has been abandoned. Currently the implementation of the above 

rules for a computer built models is under study. 
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argon 

Figure A.l : Schematic drawing of the melt spinning device at 

the Laboratory for Metallurgy in Delft. Important 

details are indicated: 

1) Al wheel with Cu rim 

2) crucible 

3) blower 

4) scraper 

5) buffer vessel 

6) pump unit 
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APPENDIX A. THE MELT SPINNING DEVICE 

All glasses described in this thesis have been produced by the 

melt spinning technique» The FeNiB-glasses (ch. IV) were made at 

AKZO Corporate Research, Arnhem, while the others have been 

produced using the melt spinning device designed at the Laboratory 

for Metallurgy, Delft University of Technology. We will now 

describe the Delft equipment, of which a schematic drawing is 

given in fig. A.l. 

The metallic alloy is molten in a crucible (2, generally quartz) 

by means of high frequency induction. By means of an argon 

pressure (5), the liquid is then ejected through a small orifice 

in the bottom of the crucible onto the surface of a rapidly 

rotating copper wheel (1). The result is a thin ribbon of rapidly 

quenched (~ 106 K/s) metal (fig. A.2). Typical values for some 

process parameters are given in table A.l. All ribbons have been 

produced with a comparable set of parameters. The atraospneric 

condition in the vessel will be given explicitly for each sample 

in the text of this thesis. 

A very important factor in the process is the stability of the 

flow of metal onto the wheel. On the surface of the wheel a small 

puddle is formed, from which the ribbon emerges. To obtain a 

ribbon of homogeneous thickness and quality the flow into the 

puddle must be stable. For a stable liquid flow the distance 

between the orifice and the wheel must be very small to avoid 

irregularities due to turbulences around the spinning wheel. 
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(a) 

(b) 

(c) 

<<0 ' <m-' 

1 1 I I 1 t i n j 

(e) 

Figure A.2 : Several examples of melt spun ribbons: 

a) high quality FeNiP ribbon 

b) somewhat wavy NiZr ribbon 

c) FeB ribbon with flaws (surface velocity too 

high) 

d) NiNb "accordion" ribbon (very short cooling 

time) 

e) very wavy NiNb ribbon (improperly outlined 

wheel) 
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Mass of the specimen 

Atmosphere 

Wheel speed 

Surface speed 

Orifice 

Distance wheel-orifice 

Ejection pressure 

: 

: 

• 

• 

' 

-

• 

30 g 

0.5 bar argon or air 

2500 rpm 

33 m/s 

0.4 mm x 4 mm, 

A1203 

0.20 mm 

0.3 bar argon 

Table A.l. : A typical set of process parameters for the melt 

spinning process 
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Furthermore the argon pressure to eject the liquid must be around 

a value of 0.3 bar. The exact value of this pressure is not very 

critical, however. A small buffer vessel was installed to improve 

the stability of the argon pressure during ejection. A third point 

of crucial Importance is the rigidity of the orifice. Quartz 

proved to be too soft at temperatures above 1050 °C. At those 

temperatures a rectangular orifice deforms into an ellipse under 

the pressure of the melt. This leads to very irregular ribbons. To 

produce ribbons wider than 2 aim we used rectangular orifices In a 

roof-shaped piece of Al 0 , which was cemented onto the quartz 

crucible. This procedure is very laborious, especially since the 

quality of the orifice which is decisive for the quality of the 

ribbon, has to be safequarded. So far a good and less laborious 

alternative has not been found. A circular orifice of quartz 

(diameter < 1 mm) could be used at higher temperatures than a 

rectangular one, since it merely deforms into a somewhat larger 

circular hole. 

The thickness of the ribbon is strongly dependent on the wheel 

velocity. The upper limit of this velocity is reached if macro

scopic flaws, like holes and ragged edges, appear in the ribbon; 

the lower limit if traces of crystalllnlty are found. The length 

over which the ribbon sticks to the wheel (the "contact length" L) 

depends only slightly on the wheel velocity, but much stronger on 

the composition of the alloy. For e.g. FeNiP L is so large that a 

scraper had to be installed beneath the wheel to force the ribbon 

off the surface of the wheel (fig. A.l). In contrast, for NINb L 
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is too small to accomplish sufficient heat transfer to the wheel. 

To increase L a blower was positioned next to the crucible, from 

which an argon flow pushes the ribbon against the wheel. 

The surface quality of the wheel is of paramount importance for 

the quality of the ribbons. Every irregularity on the surface is 

found as an imprint in the wheel side of the ribbon. A wheel 

surface that is not perfectly parallel to the wheel axis will 

produce ribbons of a wavy appearance (fig. A.2e). The two wheels 

that were used for this device were machined on an extra-stiff 

lathe and polished frequently. In the apparatus the wheel is 

suspended in a triple, single-sided bearing. 

A special feature of the present apparatus is the provision to 

work in a controlled atmosphere. The device is contained in a 

stainless steel vessel, which could be evacuated down to 10"5 

mbar. The high voltage is supplied through a magnetic suspension 

feed through. Initially this containment caused another problem: 

the ribbon hit the wall of the vessel very shortly after it was 

formed. This in many cases resulted in "accordion" ribbons (fig. 

A.2d). This problem was overcome by the installation a i m tube to 

delay the moment of collision, thereby reducing the mechanical 

energy. 
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LIST OF SYMBOLS 

This list does not contain those symbols that only occur in the 

section in which their definition is given. 

A attet.uation factor III.2.4. 

b nuclear scattering length (10~12 cm) III.3.1. 

c atomic fraction II.1.1. 

F(Q) interference function (nm-1) II.1.2. 

f scattering amplitude II.I.1. 

f parameter for S(Q) III.3.7. 

f parameter for magnetic scattering contribution III.3.1. 

G(r) reduced radial distribution function (nm~2) II.1.2. 

g(r) pair correlation function II.1.4. 

I(Q) corrected intensity III.3.1. 

I (Q) scattered intensity per atom II.1.1. 
a 

I (Q) intensity measured from container III.2.'. 
c 

IOJ(Q) intensity measured from Cd rod III.2.4. 
Cd 

I (Q) intensity measured from specimen III.2.4. 
s 

J(r) radial distribution function (nnT1) II.1.4. 

M error amplification factor IV.2. 

n channel number in PSD III.2.1. 

P . Placzek correction tertr for coherent scattering III.3.1/3 
coh 

P. Placzek correction term for incoherent TTT , . ,-
inc III.3.1/3 

scattering 
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p(Q) magnetic scattering length (10~12 cm) III.3.1/5 

Q scattering vector (ran"1) II.1.1. 

r interatomic distance (nm) II.1.1. 

r nearest neighbour distance (nm) II.2.4 

S(Q) structure factor II.1.2. 

W (Q) weighting factor for S (Q) II.1.2. 

a angle in PSD (degrees) III.2.1. 

8 normalization factor II.3.6. 

AQ distance between data points in S(Q) (nm"1) III.3.6 

Ar distance between data points in G(r) (nm) III.4 

<5G uncertainty in G(r) (nm~2) III.4. 

<5S(Q) uncertainty in S(Q) III.3.7 

e(A) counting efficiency III.2.3 

n packing fraction II.2.2 

20 scattering angle (degrees) III.l 

X wavelength (nm) II.1.1 

u linear absortion coefficient (cm**1) III.2.3 

p(r) atomic density (nm~3) II.1.1 

p average atomic density (nm-3) II.1.1 
o 

P average atomic density from rRDF (nm-3) III.4 
exp 
2 2 

a (r) variance of Gaussian function (nm ) V.2.1 
2 

a. same variance, for nearest neighbour distance 
2 

(nm ) V.2.1. 

abs 
absorption cross section (10-28 m 2) III.3.2 

a. incoherent scattering cross section (10 - 2 8 m 2) III.3.1. 
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o multiple scattering cross section (10-28 m^) III.3.1/4 
ms 

<J> position of PSD (degrees) III.l 

<..> average over composition II.I.1. 

sub- and superscripts 

AL Ashcroft-Langreth partials II.1.3 

BT Bhatia-Thornton partials II.1.3 

i,j types of atoms II.1.1 

L rRDF after Lanczos smoothing III.4 

n obtained from neutron scattering III.5.1 
T rRDF from truncated F(Q) III.4 

X obtained from X-ray scattering III.5.1 

abbreviations' 

a- amorphous 

DRP dense random packing II.2.2 

M metal atom II.2.2 

m metalloid atom II.2.2 

PCF pair correlation function II.1.4 

pp- para-para- V.2 

PSD position sensitive detector III.l 

RDF radial distribution function II.1.4 

rRDF reduced radial distribution function II. 1.2 

TP trigonal prism II.2.3 


