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INTRODUCTION

CHAPTER 1
INTRODUCTION

Metallic glasses or amorphous metals are metallic alloys in the solid
state without (translational) long range atomic order. The most widely
used technique to produce metallic glasses is rapid quenching from the
liguid or gaseous phase. In this rapid solidification process the atoms are
frozen in a "liquid-like" structure. The similarity in structure between
liquid metals and metallic glasses is shown by broad maxima in the
diffraction patterns.

Various preparation techniques have been developed [1]:

- Quenching techniques, like splat quenching, spray deposition and melt
spinning.

- Deposition techniques, like sputtering, evaporation, chemical
deposition, electrodeposition.

- lrradiation techniques, like ion implantation.

- Diffusion techniques, like solid state amorphisation in multilayers and
ball milling.

For the applicability of quenching techniques the composition of the
alloys is limited to a smaller range than for the other techniques.
However, the amorphous alloys obtained by the quenching techniques have
been used more frequently, since this technique produces long filaments,
ribbons or tapes [2] instead of the powders and thin (surface) layers
produced by the other techniques. Some of the melt spun glasses are
commercially available.

The first three forementioned techniques have in common that the
thickness of the product hardly ever exceeds 100 um. This restricts the
applications of these materials. It is hoped that one time a bulk
amorphous material will be produced by a solid state reaction, e.g.
diffusion in a compositionally modulated alloy [3]. A completely
amorphous NiZr alloy that exceeds the dimensions obtained by the first
three production techniques by about a factor 10 has already been
produced in this way [4].

With respect to composition metallic glasses can be divided into
three classes: the metal-metalloid glasses, the metal-metal glasses and



INTRODUCTION

the glasses based on the group Il elements. The alloys of the first class,
among which the materials this thesis is dealing with, consist mostly of
75% to 85% transition metal and 25% to 15% metalloid.

Metallic glasses have remarkable magnetic, mechanical, electrical
and corrosion properties, directly related to their structure and enhanced
by the right choice of composition:

- They are magnetically very soft [5,6].

- They are exceptionally hard, have an extremely high tensile strength,
are wear resistance and posses a large fracture toughness [7-10].

- The electrical resistivity of metallic alloys is three to four times
higher than that of the crystalline alloys of the same composition
[11,12].

- Metallic glasses are exceptionally corrosion resistant [13].

On the other hand, metallic glasses have a relatively low resistance to
fatigue under tension [14].

The magnetic properties have been used to produce recording heads,
magnetic transducers and transformer cores. The latter application will
lead to a reduction of energy losses in transformers. However, due to the
high production costs application of metallic glasses is still very
limited.

Amorphous materials also have a scientific interest. They present
the possibility to study a system that is thermodynamically not in
equilibrium. Many groups all over the world do research on this subject,
resulting in many papers dealing with preparation techniques, stability,
structure and structural relaxation.

The scope of this thesis is to describe processes of structural
relaxation. Low temperature annealing of metallic glasses causes
changes in a large number of physical properties. This is attributed to
atomic rearrangements in the amorphous state and the term structural
relaxation is generally used to indicate these processes. Structural
relaxation must be clearly distinguished from crystallisation, the phase
transition from the amorphous to the crystalline state.

The aim of studying structural relaxation is to obtain information on
the kinetics of ordering and the stability of the amorphous material
during heat treatments. Since most of the properties of amorphous
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materials change during structural relaxation, the utility of the

amorphous material depends strongly on the kinetics of structural

relaxation at the application temperature.

In general two kinds of processes are involved in structural
relaxation [15]. The first introduces changes in the chemical composition
of the local surroundings of the atoms. The second is the densification of
the metallic glass due to the annealing out of excess free volume.

A general problem in the interpretation of relaxation studies is the
insufficient knowledge of the amorphous structure. Due to the absence of
long range periodicity the amorphous structure can only be described
statistically. There are no unit cells, there is no translational symmetry
and the environment of chemically identical atoms will vary. This
indicates the difficulty in determining and describing the structure of
metallic glasses.

A diffraction experiment with either neutrons or X-rays results in a
scattering curve from which the Radial Distribution Function (RDF) can be
derived. The procedure to obtain the RDF is meticulously described by
Thijsse [16]. The RDF gives the average number of atoms at a distance r
from the origin atom. However, the RDF is only a one dimensional
projection of the amorphous structure and as yet no direct method has
been developed to determine the three dimensional structure from the
RDF.

In figure 1.1 typical RDFs from an amorphous sample are given [17].
The height of the peaks decreases with increasing peak number.
Characteristic for the amorphous structure is the split second peak.
Further a sharp first peak is present, which means that the nearest
neighbour distance is rather well defined.

In the literature many RDFs have been reported, which are the
starting point for modelling of the amorphous structure. Different
strategies have been used to find a model for the amorphous structure:

- Dense random packing of hard spheres (DRPHS), performed by
physical models [18] or by computers [19].

- Models based on crystal modifications, like the microcrystalline
model [20], disordered packing of structure units like trigonal prisms
[21], para-crystals [22] and para-para-crystals [23].

- Moleculair dynamics [24].

11
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figure 1.1 Radial Distribution Functions for Fe,oNigsoP2g, oObtained by
neutron and X-ray diffraction [17].

In spite of the limited information on the actual amorphous
structure, several models were developed to describe the kinetics of
structural relaxation. The main models are the free volume model [25],
the activation energy spectrum (AES) model [26], the two level system
model [27] and the mixed mode! [28]. Most of these models will be
described in chapter 2.

The kinetics of structural relaxation can be studied by measuring the
change of physical properties during annealing. Electrical resistivity,
Young's modulus, internal energy and viscosity are very popular physical
properties for the study of structural relaxation. Chapter 3 deals with
the experimental details for the measurements of some of these
properties. The experiments for this thesis were performed in order to
further clarify
- reversible and irreversible processes during structural relaxation in
amorphous FeyoNisoByo (chapter 4)

- the dependence of the reversible ordering rate on the amount of free
volume (chapter 5), and

12
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the kinetics of structural relaxation in PdgNiszgP 0.
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STRUCTURAL RELAXATION IN METALLIC GLASSES

CHAPTER 2
STRUCTURAL RELAXATION IN METALLIC GLASSES
2.1 Introduction

Metallic alloys can be obtained in an amorphous state by rapidly
quenching the liquid. Several techniques have been developed to attain a
sufficiently high cooling rate [1]. The obtained product has a liquid-like
structure and since both production process and structure show
resemblance with glass (used for, for instance, in window panes), these
materials are called metallic glasses.

During slow cooling, the liquid normally solidifies to the crystalline
state at or slightly below the melting temperature T,. However, during
rapid quenching the time at temperatures just below T, is too short to
obtain the crystalline material. The liquid becomes undercooled and will
be frozen in as a glass.

9,

92

Ta T [K]

figure 2.1 Schematic behaviour of the specific volume V during rapidly
quenching for two cooling rates, resulting in glasses g; and
go, and thereafter annealing of glass g, under isothermal
conditions at T = T, and during linear heating.

The physical properties of the material will change during the glass
formation. In figure 2.1 an example is given. In this figure the specific
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volume V during cooling is schematically plotted versus temperature.
During rapid cooling in the liquid state V decreases linearly with
temperature (thick line in figure 2.1). The specific volume of the glass
deviates from this undercooled liquid state when the atomic movements
become too slow to follow the equilibrium that is changing with
temperature. If the cooling rate is lower, the liquid can follow the
undercooled liquid line longer. This is demonstrated for two cooling rates
in figure 2.1, resulting in two metallic glasses gy and g,.

Metallic glasses are not in equilibrium. Therefore a metallic glass
will always try to reach a more stable configuration. The processes by
which the metallic glass relaxes towards the metastable undercooled
liquid are called structural relaxation. The processes involved are
thermally activated, which means that structural relaxation evolves
faster at higher temperatures. At room temperature these processes are
so slow that the changes during prolonged storing at room temperature
are negligibly small for most metallic glasses.

A large number of properties changes during structural relaxation.
For instance, the structure densifies during annealing, which is shown in
figure 2.1 for both isothermal and isochronal conditions. Isothermal
annealing is annealing during a certain time t, at a fixed temperature T,.
For an as quenched glass this will result in a decrease in volume, as
indicated in the figure by the vertical arrow at T,. Isochronal annealing
means that annealing is performed during a fixed time at, generally,
increasing temperatures. The solid line in figure 2.1 shows the effect of
a special case of isochronal heating, viz. linear heating. The volume
decreases with temperature until metastable equilibrium is reached and
then increases because the equilibrium volume increases. At a certain
moment, when the temperature becomes very high the glass will
crystallise, i.e. reach its equilibrium structure. For many glasses this

will happen before the metastable equilibrium of the undercooled liquid
is reached.

Changes in electrical resistivity [2-5], Young's moduius [6-8],
viscosity [9-12], length [13,14], magnetic properties [15,16], mechanical
properties [17-19] and internal energy [20-24] have been used frequently
to study the kinetics of structural relaxation. Both isothermal and
isochronal experiments have been performed. The observed changes in the
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physical properties are due to changes in the structure of the amorphous
alloy, caused by the structural relaxation processes.

It has beern shown several times in the literature that part of the
changes in the physical properties of amorphous alloys is irreversible
upon temperature changes, while the other part appears be reversible i.e.
in a temperature range with sufficient atomic mobility properties can be
changed reversibly with temperature [25]. Egami [26] compared the
reversible changes to order-disorder phenomena in crystalline materials
and called it Chemical Short Range Ordering (CSRO). The irreversible
changes were ascribed to the annealing out of excess free volume. This
process is called Topological Short Range Ordering (TSRO). Although
changes in atomic positions can not unambiguously be detected by direct
measurements (like X-ray diffraction or Moéssbauer spectrometry), the
suggestion that these two processes play a major role in structural
relaxation is widely accepted.

2.2 The kinetics of structural relaxation

The description of the relaxation kinetics has been subject of much
theoretical debate. A few phenomenological models have been developed
and will be discussed in the next sections. First a description of the free
volume model will be given, after which the Activation Energy Spectrum
(AES) model will be described. Finally, a mixed model of these two will
be presented.

2.2.1 Free volume model

The free volume model describes the atomic mobility in terms of the
volume available for the atoms [27]. Four assumptions form the basis of
this model:

(1) Around every atom a cell can be defined, of which the volume is given
by v. The volume of the cell is determined by the neighbouring atoms.
The Wigner-Seitz construction, for instance, can be used to
determine this cell.

(2) If the volume of the cell is larger than a certain amount v, v - v, can
be considered as free volume vy.

17



STRUCTURAL RELAXATION IN METALLIC GLASSES

(3) Atomic transport is only possible in the case of the presence of a
critical amount of free volume v*. This volume is on the order of one
atomic volume. The area in which this amount of free volume is
present is called a defect.

(4) Redistribution of free volume over the atoms takes place without
change in free energy.

Cohen and Turnbull [27] calculated the distribution function of the
free volume defined by the four points mentioned above. Essential for
these calculations is the statistical character of the free volume
distribution; no fixed cells with holes of about v*, like in the Frenkel
theory for liquids [28], are assumed. The distribution function P(vy) for
the free volume is given by

. NALE
Plv =55 exp (52), (2.1)
where <vi> is the mean free volume and y is a constant between 0.5 and 1.
A defect is found if v > v*, so the probability for a defect is

*

P*(<vp>)= [ P(v)dv = exp( ). (2.2)

<Vi>

This probability is called the defect concentration ¢

*

ct = exp(- .

<V¢>

). (2.3)

This means that N,,-c; is the number of defects per mole atoms, where N,,
is the Avogadro number.

Already in 1913 Batschinski [29] introduced the concept that the
resistance to flow in a liquid should depend on the relative free volume
per molecule. In 1951 Doolittle [30] provided satisfactory evidence for
this proposal; his measurements disclosed a logarithmic relation
between the viscosity 1 and the mean free volume:

Vm

L
n =K exp(ZD). (2.4)

<Vi>

18
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In this equation K and L are constants and v, is the molecular volume at 0
K. This empirical equation was elucidated by Spaepen [31] who, from a
model on stress assisted jumping of atoms into defects, derived that

kTQ

= 2.5
M= Giki(vovo)2 (2.5)

where k¢ is the shear unbiased jump frequency of a defect, y, is the shear
strain per jump of a defect, v, is the volume a defect and Q is the atomic
volume. In eq. (2.5) the free volume term in eq. (2.4) is represented by c;.
Viscasity measurements on metallic glasses during structural

relaxation have been performed many times [e.g. 9-12]. It was found that
the viscosity increases linearly with time during annealing. This means
that the annihilation of defects follogvs second order kinetics:

dg de;

gt = onst. => gt - K => gt

= kCo, (2.6)

where k, is a rate constant.

Taub and Spaepen [32] suggested that the occurrence of second order
kinetics means that the annihilation of defects takes place at special
relaxation sites, the concentration of which is proportional to ¢; as
suggested by Spaepen [31].

Integration of eq. (2.6) results in:

T E

with k, = Coexp(-E¢/RT), E; the activation energy of defect annihilation,
Co a constant and ¢;, the concentration of defects at t = 0. After
substituting eq. (2.3) in eq. (2.7), we get

. . E
exp(x 1) - exp(x01) = Cpt exp(-'R—.fF). (2.8)

In this latter equation x equals <vi>/yv*, the reduced free volume, and Xg
is the reduced free volume at t = 0.

As mentioned previously (eq. (2.5)), the viscosity of metallic glasses
is connected to the concentration of defects. For some metallic glasses a
saturation of the viscosity was measured during annealing close to the
glass transition temperature, indicating that the metallic glass reaches
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equilibrium [33]. The equilibrium viscosity, Neq, depends on the annealing
temperature as described by the empirically obtained Fulcher-Vogel
equation [34,35]:

B
Tleq = Mo exp(T__To')- (2-9)

In this equation ng, B and T, are constants. In view of the free volume
model the equilibrium defect concentration Cteq IS then given by

B
Cfeq = exp(-T_To). (2.10)

Typical values for B are between 3000 and 7000 K, for T, values between
300 and 600 K have been reported [33,36].

Equation (2.7) does not account for an equilibrium concentration Ci eq
that differs from zero. In chapter 6 of this thesis the equilibrium will
extensively be discussed and adaptations of eq. (2.7), accounting for the
approach towards equilibrium, will be introduced.

2.2.2 Activation Energy Spectrum Model

It was realised in the early stages of research on metallic glasses
that the temperature and time range of structural relaxation is much too
wide to be accounted for by a single thermally activated process.
Structural relaxation seems to consist of a series of relaxation
processes with a continuous distribution of activation energies. This
suggestion forms the basic idea used by Gibbs et al. [37] in the
development of their Activation Energy Spectrum (AES) model. This
theory is based on previous work by Primak [38].

In the AES model a process is considered as a thermally activated
rearrangement of atoms or clusters of atoms. The structure is
characterised by a short range order parameter, varying locally
throughout the specimen. During annealing the local order parameter can
reach equilibrium. As the associated activation energy should be related
to the local structure, there is a distribution of relaxation processes. If q
is the total density of ordering processes available for relaxation, the
kinetics obey a general differential equation of the kind

dg .
gt = ka" (2.11)
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In this equation n is the order of "reaction”, t is the time and k is a rate
constant. In general, q cannot be measured directly. If a property P(t)
measured during structural relaxation, changes from the value P(0) to
P(e), and the property change p(t)= P(«)- P(t) is proportional to q, eq.
(2.11) changes to

dp .dg "
gi=-fTar= K&, (2.12)

where f is the change in property accompanying the occurence of a kinetic
process (termed the importance factor). It is usually assumed that the
Arrhenius expression can be used for the rate constant k, involving the
activation energy E. Then

g n E
E% - -Af(‘fl) exp (57, (2.13)

where A is a constant. In the case of isothermal annealing and n#1, this
equation can be integrated to

p(t) = po[1-(1-n)vtexp (=11, (2.14)

where pg= P(e)-P(0). The quantity v (=A(f/pg){T-M) has the dimension of a
frequency for all orders of reaction. lf, instead of a single activation
energy, a spectrum of activation energies must be considered, the change
in the measured value of the property AP(t) is the integral of p(t) over the
range of activation energies E:

AP(t) = Jp0[1-(1-n)vtexp(-%)]”("”)dE (2.15)

0
or

oo

AP®) = [po(E)O(E,T HdE. (2.16)
0
AP is the observed change in the value of the measured property and
®(E,T,t) is called the characteristic annealing function.
For first order kinetics (n=1), equation (2.11) gives rise to the
characteristic annealing function
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E

O(E,Tt) = 1—exp{-vtexp(-ﬁ)}. (2.17)
The point of inflection of the characteristic annealing function for

all n (in a graph of ® versus E) is termed the characteristic activation

energy and is indicated as E,. Independent of n, E, is given by

Eo = RTIn(vt). (2.18)

Since it was shown by Primak [38] that for n=1 @(E,T,t) changes in a
small energy range (width = 6RT) from 0.99 to 0.01, ®(E,T,t) can be
approximated, if the AES is wide compared to 6RT, by the step function

®=1forE<E,
® =0 for E > E.

In this approximation ®©(E,T,t) expresses the fact that, at time t, all
ordering processes with E < E, have contributed to the relaxation and have
reached the equilibrium value at that temperature.
The measured change in a property P is then given by
Eq(1)
AP@M) = [p(E,T)dE (2.19)
0

or, if p(E,T) is constant with respect to E, it follows from (2.18) and
(2.19) that

AP(t) = po(T) RTin(vt). (2.20)
The activation energy spectrum in this case is a box distribution.

2.2.3 The mixed model

In the previous two models no distinction has been made between the
kinetics of the two different kinds of processes (CSRO and TSRO). Both
the free volume model and the AES model were developed to describe the
whole observed effect during structural relaxation. However, these
models are insufficient to describe all the experimental data. For
instance, the AES mode! predicts log(time) kinetics, whereas the
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viscosity changes linearly with time. Also, the occurence of both
reversible and irreversible processes is not accounted for.

Van den Beukel and coworkers [39,40] have developed the so called
mixed model, in which aspects of both models described before are
incorporated. According to them CSRO can be described by the AES model
and TSRO by the free volume model with a single activation energy. In the
next part more details of this mixed model will be given with the help of
some experimental data reported previously [10,40-42].

As explained earlier, in section 2.2.1, the concentration of defects
determines the viscosity of the metallic glass. Therefore, the kinetics of
defect annihilation can be studied by measuring the change in viscosity
during annealing. Van den Beukel et al. [10] reported isoconfigurational
and isothermal viscosity measurements on Fe,oNisgBog. Analysis of the
data showed different behaviour in two temperature ranges.

In range | (520 - 600 K) the observed changes of the viscosity could
be described consistently in terms of the annealing out of flow defects.
The activation energy for the annihilation of flow defects was found to
be E; = 250 kd/mole. The temperature dependence of the viscosity is given
by n < exp(Q,/RT) with Q, = 304 kd/mole. The reason for the difference
between the activation energy for the viscosity Q, and E; stems from the
temperature dependence of the activation volume ygvgy in eq. (2.5), in
accordance with the conclusions of Taub and Spaepen [32].

In range Il ( T < 520 K ) the isoconfigurational viscosity yields an
activation energy of about 250 kJ/mole, close to the value found for the
annihilation of flow defects. The initial increase of the viscosity in this
range was ascribed to an increase of chemical order.

Fitting the viscosity as a function of time during annealing in range |
with egs. (2.5) and (2.7) yields values for C, and xq equal to 1.63 1025 s-1
and 0.079, respectively.

The results of this analysis have been used to describe the
isothermal change of several other physical properties like Young's
modulus, length and electrical resistivity [13,40-42] in FeyoNiggBsg. In
figure 2.2 the change in Young's modulus is given for five temperatures. A
pulse-echo technique was used to measure the longitudinal wave velocity
v, and Young's modulus E is given by E = pv2, where p is the density. In this
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figure changes in E are presented as changes in v2, as the corresponding
change in p was found to be negligible.
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figure 2.2 Isothermal change of v2 of as quenched Fe,oNisoBsg
specimens at the temperature indicated. Calculated TSRO
and CSRO contributions are indicated by T and C,
respectively [13].

The mixed model assumes that the changes in v2 are due to two kinds
of processes. One of them is the annealing out of free volume. It is shown
by the solid lines T in figure 2.2 that the final part of the isotherms can
be well described by eq. (2.8), assuming a linear dependence between the
change in v2 and the change of free volume:

Av2 =AEAX. (221)

Ag is a constant of the value -24 106 m2s-2. The x, value resulting from
these fits was 0.07527, slightly different from the value found from the
viscosity data.

The reason for the assumption of linear behaviour between Av2 and
Ax and not between Av2 and ¢; is given by the following. During viscosity
measurements it was observed that the viscosity changes linearly with
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annealing time. However, in Young's modulus measurements it was
observed that v2 changes about linearly with logarithm of time. It is an
essential aspect of the free volume model that it gives a plausible
explanation for the different behaviour of these properties.

The remaining part of the isotherms, indicated by the dashed lines C
in figure 2.2, is due to the other group of processes, CSRO. According to
van den Beukel [40] this can be described by the AES model using a box
distribution. The spectrum contains activation energies between 133 and
243 kd/mole. The highest energy is close to the activation energy E; for
the annealing out of free volume (250 kJ/mole).

The frequency factor v ranges from 102 to 1019 s-'. Following Berry
[43], van den Beukel [40] suggested a relation between v and E:

V=V exp(%, (2.22)

where B and v, are constants, 9.7 104 K-' and 6.6 106 s-1 for Fe,gNisgBog,
respectively. Inserting eq. (2.22) in eq. (2.18) we find the relation

RT
(1-pT)

The frequency factor vq is smaller than the Debye frequency.
However, van den Beukel and Radelaar [39] argued that the kinetics of
CSRO depends on the amount of free volume. Taking this into account, we
obtain

E0= |n(Vot). (223)

Vg = vg exp (-x1), (2.24)

where vy is expected to be the Debye frequency. The physical meaning of
this is the following. Since CSRO must be a diffusion process, the
kinetics of this process is controlled by defects. In the free volume
model [31], it is assumed that both diffusion and viscous flow are
controlled by the same defects, the concentration of which is given by
exp(-x-1). If the initial value for x (= 0.07527) is inserted in eq. (2.24), vg4
equals 4 1012 s-1, which is indeed close to the Debye frequency.
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2.3 The CSRO range for Fe 4,Ni B,

The above presented model has been used successfully to describe
structural relaxation data for Fe,oNisuB,o. Electrical resistivity [44] and
length measurements [41] were two additional properties to test the
mixed model. All experimental data could be described with a single set
of parameters for both TSRO and CSRO.
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figure 2.3 Change of v2 upon sequential annealing at the indicated
temperatures for an Fe,oNisoByg Specimen preannealed at
600 K for 600 seconds [45].

The reversibility of CSRO was tested by cycling experiments [13,45].
A typical result for Young's modulus measurements is given in figure 2.3.
In this figure the change in Young's modulus (Av2) is plotted versus the
activation energy Eg, calculated with eq. (2.23). After an annealing
treatment at 600 K sufficiently long to obtain complete chemical order
at this temperature (600 seconds), the temperature has been cycled
between 525 K and 600 K, as indicated in the figure. From the change in
v2 the calculated changes due to free volume annihilation have already
been subtracted.

The reversibility of the CSRO processes is clear from the isotherms
of figure 2.3. For instance, a measurement at 600 K after preannealing at
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525 K shows a decrease of v2 due to disordering, whereas a measurement
at 525 K after preannealing at 600 K shows the reverse behaviour.

Huizer et al. [41] and Kokmeijer et al. [44] have reported a more
detailed study of the non-TSRO part of the isotherms. To this end, length
measurements and electrical resistivity measurements were performed.
Huizer reported a reversible length change during cycling experiments
which was smaller than expected from as quenched measurements. This
gave rise to the idea that, apart from TSRO and CSRO, a third, irreversible
effect occurs.
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figure 2.4 Change of resistance of as quenched Fe,oNisoBsy, measured
at 77 K and measured at T,, versus the activation energy.
The data have been corrected for the calculated TSRO
contribution. E is calculated with equation (2.23) [45].

The existence of a third effect was confirmed by electrical
resistivity measurements [44]. Kokmeijer et al. reported the change in
electrical resistivity during annealing at temperatures T,, measured at
both the annealing temperature itself and in liquid nitrogen. Both as
quenched and cycling experiments were performed. In figure 2.4 the as
quenched isotherms are presented. The change in electrical resistivity
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due to the annealing out of free volume has been subtracted from the
measured change in electrical resistivity, assuming a linear relation
between the electrical resistivity and Ax. Therefore all isotherms
saturate to an equilibrium value near 250 kJ/mole.

In figure 2.4 all isotherms, measured at both measuring
temperatures, continuously decrease. It is also shown that for the
measurements performed at T, the equilibrium value becomes more
negative for lower annealing temperatures. The measurements performed
in liquid nitrogen also show a continuous decrease, but the equilibrium
value seems to become less negative for lower T,.

Cycling experiments also show a different behaviour for the two
measuring temperatures. The measurements performed at the annealing
temperature show the behaviour as expected from the as quenched
experiments: ordering gave rise to a decrease of the electrical
resistivity, where disordering results in an increase.

figure 2.5
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Change of resistance for an FesgNisgBoo Specimen
identically heat treated as in figure 2.3. The change in
resistance is measured at 77 K [45].

In figure 2.5 the change in electrical resistivity as measured in
liquid nitrogen is plotted versus the time during cycling experiments. The
annealing treatments were identical to that of figure 2.3. After
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preannealing at 600 K, the temperature was cycled between 525 K and
600 K. The effect due to the annealing out of free volume was substracted
from the experimental data.

In these measurements ordering gives rise to an increase in
electrical resistivity and disordering results in a decrease. The combined
data could only be explained by a third effect, which is irreversible and
results in a decrease of the electrical resistivity. Huizer [45] assumed
further that this third effect is measuring temperature independent and
that the kinetics can be described by the AES model. Undere these
assumptions the dashed line in figure 2.4, indicated with R3, represents
the irreversible change in electrical resistivity. Huizer finally concluded
that the initial part of the activation energy spectrum behaves
irreversibly, because no reversible effect was observed where, according
to the as guenched isotherms, reversible effects should have been
observed. This irreversible effect can also be the cause for the
unexpectedly small reversible length changes [41].

2.4 Scope of this thesis

In the previous sections the usefullness of the mixed model has been
demonstrated with the help of some experimental data. The data on
structural relaxation in amorphous Fe4oNisoB,o can consistently be
described with the mixed model. However, there still remain some
questions which need to be investigated. In this section a few of these
matters, which are topics of this thesis, will be formulated.

The introduction of irreversible processes during the non-TSRO part
is, as yet, unexplained and need to be investigated further.

In all experimental data presented previously, no clear transition
between CSRO and TSRO has been observed, since the changes due to both
processes have the same sign in the observed physical properties. The
separation in a CSRO and TSRO component can only be performed in an
indirect way. The mixed model will become more credible if for one
physical property a clear transition between CSRO and TSRO is observed.

It is expected that changes in the local surroundings of an atom
occurs by diffusion. In crystalline solids ordering takes place by means of
atomic jumps into vacancies and the relaxation time of ordering is
proportional to ¢, !, where c, is the concentration of vacancies. This

29



STRUCTURAL RELAXATION IN METALLIC GLASSES

means that when quenched-in vacancies anneal out, the relaxation time of
ordering increases. If there are similarities between the ordering
processes in crystalline and in amorphous solids, one can expect that free
volume has an effect on the relaxation time for CSRO. It seems obvious to
put the relaxation time for CSRO in amorphous materials proportional to
cy!, the concentration of flow defects. This proportionality should be
tested experimentally.

Finally, the mixed model has been mainly applied on structural

relaxation data for amorphous Fe,gNisgBso. The mixed model has to be
tested for other metallic glasses to provide a strong support for the
generality of this model.
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CHAPTER 3
EXPERIMENTAL DETAILS

3.1 Materials

All materials used for the experiments in this thesis were
amorphized by the rapid quenching technique of melt spinning. A
schematic representation of the set-up for this quenching technique is
given in figure 3.1. A molten alloy is ejected on a fastly rotating copper
wheel, which cools down the liquid alloy very rapidly. A typical quenching
rate for this technique is 105 K/s. The result of this cooling technique is
a thin ribbon (30-60 um) with a dull {the wheel side) and a shiny side.

figure 3.1 Schematic drawing of the melt spinning set-up.

1 quartz tube 2  pressure gas

3/5 molten alloy 4  tube opening

6  puddle 7  tfastly rotating wheel
8 ribbon 9 scraper

10 high frequency coil
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The alloys for which the results are presented in this thesis, are
Fe4oNigoBag and PdsgNigoP2o. The first glass has been produced by
Vacuumschmelze and is known by the name Vitrovac 0040. The
reproducibility of this glass is good: no remarkable differences in the
properties of several batches have been found. The second glass has been
produced in our own laboratory. In vacuum small sheets of Pd (Highways,
99.9%) have been dissolved in molten Ni,P (Alpha products, 99.9%). After
several remelts to homogenize the alloy, 10 g was used to produce a
ribbon with a length of approximately 15 m. In the obtained product no
crystalline phase could be detected by X-ray diffraction.

3.2 Young's modulus

Changes in Young's modulus E were measured by measuring changes in
the longitudinal wave velocity v with the pulse-echo technique. The
modulus is related to v as E = pv2, where p is the density. Since changes
in p were expected to be relatively small [1], changes in E will be
presented as changes in v2. The technique and the set-up have been
extensively described in the references [2-5]. In this section a brief
description will be given.

pick-up coil driver coil
specimen driver-ribbon %
timer amﬁlifier/ trig. ptj(se;
counter comparator generator
scope

figure 3.2 Schematic drawing of the set-up for the pulse-echo
technique used for measuring the longitudinal wave
velocity.

A schematic representation of the set-up is shown in figure 3.2. A
specimen with a length of about 100 mm and a width of about 1 mm is
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spot-welded onto a strongly magnetostrictive ribbon. For this ribbon, the
driver ribbon, FeyoNiggBoo (Vitrovac 0040) was used. A longitudinal wave
is generated in the driver ribbon with a pulsed magnetic field. The driver
coil used to generate the wave is powered by a Philips PM5770 pulse
generator. The duration of the pulse is 3 us and the repetition time is 10
ms.

At 120 mm from the driver coil a second, similar coil is placed. This
pick-up coil is used to detect the passing wave by induction through an
inverse magnetostrictive effect. The induction of this pick-up coil was
enhanced by keeping the driver ribbon partially magnetised by a small
permanent magnet.

The principle of the measurements is simple. Being introduced by the
driver coil, the wave travels in both directions through the ribbon. The
wave of interest travels towards the junction between the specimen and
the driver ribbon, passing the pick-up coil for the first time and inducing
a first pulse. At the junction the wave is partially reflected which
induces a second pulse in the pick-up coil. The part of the wave which
travels through the specimen will, after reflection at the end of the
specimen, induce a third pulse in the pick-up coil. The wave velocity in
the specimen can be obtained by measuring the time difference At
between the second and third pulse and the length £ of the specimen:

v = 20/At. (3.1)

The induced wave that travels in the opposite direction (to the right in
figure 3.2) will be reflected at the free end of the driver ribbon. The
length of the ribbon is such that the reflected wave does not disturb the
measurements.

In order to measure the time interval At, the signal from the pick-up
coil is fed to a fast amplifier and comparator. The comparator is
synchronised with the pulse generator, preventing triggering on the first
pulse. The output signal of the comparator starts and stops a Hewlett
Packard 5308A 75 MHz timer/counter at the positive slope of resp. the
second and third peak.

fn order to avoid disturbances of magnetic origin (like domain wall
motion), the specimen was kept in a saturating magnetic field during the
measurements. The measurements were performed at room temperature.
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The time interval At is of the order of 50 us and is obtained with an
accuracy of + 0.01 us for FeyoNisgByo and + 0.02 us for PdyoNigoPog. The
length of the specimen is on the order of 100 mm with an accuracy of
0.5 mm. The non-systematic error in Av2 is + 0.01 108 m2s-2 for both
Fe4oNisoBao and Pd gNiggPoo. The mean as quenched values for v2 are
(20.20 + 0.14) 108 m2s-2 and (10.10 + 0.09) 108 m2s-2 for Fe4oNisoBse and
PdaoNisoP2o, respectively. Between different isotherms systematic
deviations of 0.5% can occur due to the accuracy of the length
measurements.

The specimens are annealed under flowing helium gas in a tube
furnace. Because of the easy specimen access to this furnace, fast
specimen handling is possible and the annealing treatments are well
defined. The warming up period of the specimen was only a few seconds
and so was the cooling down time to room temperature after extracting
the specimen from the furnace. When the periods of annealing between
two measurements are taken much larger than 1 second, the interruption
of the isothermal annealing caused by the measuring procedure will have
negligible consequences.

3.3 Electrical resistivity measurements

Electrical resistivity measurements were performed by measuring
the change of electrical resistance during annealing. Since changes in p
were expected to be relatively small [1], changes in the electrical
resistance were mainly determined by changes in electrical resistivity.

In figure 3.3 a schematic drawing of the set-up is given. The most
important parts of this set-up are the furnace (13), the measuring rod
(15) and the guidance tube (1) and the specimen holder (8).

The furnace consists of two plates of aluminium, in which pipes of
alumina are mounted, containing thermocoax heating wire. The specimen
can be placed between the aluminium plates from below. The furnace is
controlled by a Rex C1000 temperature controller and a chromel/alumel
thermocouple.

The measuring rod and the guidance tube allow vertical transport of
the specimen. Therefore it is possible to measure the change in electrical
resistance at different conditions, for instance in liquid nitrogen. It also
offers the possibility to remove the specimen from the furnace during

36




EXPERIMENTAL DETAILS

temperature changes. The time to bring the sample at the annealing
temperature is determined to be about 7 seconds.

N g

figure 3.3 Drawing of the set-up for the electrical resistivity
measurements. For details see text.

The specimen is mounted horizontally on the specimen holder, which
is shown schematically in figure 3.4, by butt welding onto the points A.
Two platina wires are butt welded between points B and D and act as the
potential wires in the resistivity measurements. The points D are joined
to copper wires which connect the specimen with the Thomson bridge.
Near the specimen a chromel/alumel thermocouple is mounted to monitor
the temperature during the measurements.
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1
7

figure 3.4 Detailed drawing of the specimen holder
A-A  specimen
C thermocouple
AB,D butt welds.

The electrical resistance is measured with a computer controlled AC
Thomson (Kelvin) bridge. The AC method has been chosen because thermal
electromotive forces are canceled. The main advantage of a Thomson
bridge is that influences of the wires are in principle compensated. A
frequency of 280 Hz is used to suppress the influence of the 50 Hz power
line. A complete description of the bridge is given in ref. [6].

The bridge diagram is shown in figure 3.5. In this figure R, and R,
are adjustable resistances, R; and R, are resistances of 100 Q, C and C'
are adjustable capacitors, Ry is the sample, R, is a reference resistance
(1 Q) and R is a resistance. An isolating transformer is used to separate
the current supply from the bridge. All resistances and capacitors, with
the exception of Rp. are placed in a box at a constant temperature of
308 K.

The current is supplied by the internal oscillator of the lock-in
amplifier (U). The electrical potential between X and Y is transferred to
the lock-in amplifier (M), which amplifies only the part of the signal
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with the same frequency as the supplied current. Before a measurement
the bridge is balanced. Changes in R, during annealing cause changes in
the potential between X and Y. This potential can therefore be used to
monitor R,. The capacitors are used to balance the imaginary part of the
electrical resistance.

Rp

e
Al

Rs

Al

Rr

figure 3.5 Block diagram of the Thomson bridge. For details see text.

The measurements are controlled by a DEC Professional computer
working under the operating system UNIX. The interfacing between the
computer and the set-up is supplied by a PEP microprocessor which
allows data collection in a buffer. The computer programs controlling the
measurements are developed in the programming language C. Listings of
these programs are given in ref. [6].

The accuracy of the observed change of the electrical resistance is
partly determined by the corrections for temperature fluctuations (+ 0.5
K). The temperature coefficient (390 + 10 ppm/K for FeyoNisqByo) is
obtained for temperatures between room temperature and 473 K and must
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figure 3.6 Schematic drawing of the length measurement set-up.
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be extrapolated to the annealing temperatures, typically between 500 and
600 K. The estimated inaccuracy in the data due to temperature
fluctuations amounts to 25 ppm. The inaccuracy of resistances used in
the bridge and wiring also causes an inaccuracy of 25 ppm. Therefore an
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approximation for the inaccuracy in resistivity changes is 50 ppm. It
should be mentioned that the absolute value of the resistivity cannot be
determined with such a small inaccuracy, but in our investigations only
the changes matter.

3.4 Anelastic strain measurements

Anelastic strain measurements were performed with the apparatus
that was previously used for viscosity and length measurements {7,8].
The apparatus is presented schematically in figure 3.6.

The specimen, with a length of approximately 300 mm, is placed at
the centre of the apparatus, attached at the upper end to the aluminium
traverse between two vertical quartz rods. Quartz is used for the
vertical rods because of its small temperature coefficient of expansion.
At the lower end of the specimen the core of a Linear Variable
Displacement Transducer (LVDT, Hewlett Packard type 6 DCDT 100) is
attached. The coil of the LVDT is fixed onto one of the quartz rods. The
temperature in the coil is kept constant by a water cooled housing.

Part of the specimen is surrounded by a vertical furnace. It consists
of a copper pipe on which spirally wound thermocoax cable is soldered.
The density of the turns increases at both ends of the furnace,
compensating for heat losses. The furnace is surrounded by a vertical
water-cooled cylinder which acts as a heat shield for the quartz rods.
The temperature in the furnace is homogenised by a number of "heat
leaks". These leaks establish thermal contact between the furnace and
the water cooled tube, transporting heat from the furnace to the tube.
Consequently a homogeneous (within 1 K) temperature profile is obtained
over a length of about 180 mm and a sharp drop in temperature over about
30 mm at both ends of the furnace (21.5 K/mm). The length of the
specimen that is actually annealed at the given temperature is not
exactly known. In the calculations of the relative length changes A€/, a
value of £, = 200 mm is used. This introduces an inaccuracy in the
absolute value of the strain ¢. However, this was not important because
only changes in strain were considered. The absolute scale does not play
a role in the interpretation of the data.

The set-up is covered by an insulated water cooled beli-jar filled
with He. Since the temperature profile depends very much on the helium
pressure inside the bell-jar, the He pressure is kept constant, at 16 Pa.
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The temperature is measured with a chromel/alumel thermocouple,
mounted inside the furnace, near the specimen. The temperature in the
furnace is controlled by a West 2071 P.1.D. temperature controller which
keeps the temperature within + 0.5 K from the set point. During heating
the furnace from room temperature, after 15 minutes the temperature is
within 2 K from the set point and the overshoot is at most 4 K. With the
help of a cooling water circuit the temperature outside the furnace is
kept at 308 K.

The LVDT signal is measured with two Keithley 195A multifunction
meters, one for the ingoing and one for the outcoming potential. The ratio
of these two values is calibrated to changes in length. Length changes as
small as 1.10-2 mm can be detected yielding an accuracy of 50 ppm.

The measurements are computer controlled by an IBM PC equipped
with a IEEE interfacing card. It monitors the temperature and the ingoing
and outcoming signal of the LVDT at regular time intervals. In order to
check for irregularities inside the bell-jar during the time consuming
measurements, the computer displays graphically the length changes
versus the annealing time.

The anelastic strain measurements were performed by stress
cycling. Stresses can be applied to the specimen by placing weights on
the core holder, which is especially constructed for this purpose. More
details on this specific type of length measurements will be given in
chapter 5.

3.5 Differential Scanning Calorimetry measurements

Differential Scanning Calorimetry was performed with a DSC-2 and a
DSC-7 Delta as supplied by Perkin Elmer. A DSC registrates the
difference in heat flow from or to two identical sample holders, one
containing the sample and the other a reference. The holders are heated
electrically and kept at the same temperature. The temperature can
either be changed linearly in time at rates between 0.31 K/min and 320
K/min or kept constant.

The samples used in the DSC experiments were small, often not more
than 20 mg. In the experiments described in this thesis the crystalline
form of the amorphous alloy was always used as a reference, because it
is expected that the amorphous and crystalline alloy have nearly the
same specific heat c,, resulting in a nearly constant baseline at dH/dt=0.
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If processes occur in the sample which consume or produce heat

(endo- or exothermic processes) the heat flow to the sample holder must
be changed to keep the temperature equal to that of the reference holder.
The consumed or produced heat is equal to the change in internal energy
of the sample.
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CHAPTER 4

REVERSIBLE AND IRREVERSIBLE PROCESSES DURING
STRUCTURAL RELAXATION

4.1 Introduction

In chapter 2 a review of data interpretation in terms of the mixed
model was given. It was found that the experimental data on structural
relaxation in amorphous FeuoNi gBosg can be successfully described in
terms of Chemical Short Range Ordering (CSRO) and Topological Short
Range Ordering (TSRO) with respectively the Activation Energy Spectrum
(AES) model and the free volume model. Nevertheless, in the observed
changes of physical properties the transition from CSRO to TSRO was
never directly visible; it only appeared after data interpretation.

In order to test the validity of the model, positron lifetime
measurements and electrical resistivity measurements were performed.
The positron lifetime measurements were used to check the CSRO-TSRO
transition point, the electrical resistivity measurements were used to
study the CSRO part of the isotherms in more detail.

4.2 Positron lifetime measurements
4.2.1 Introduction

Positron lifetime measurements in amorphous metals have been the
subject of a number of papers [1-11]. In most experiments that have been
reported on the change in lifetime t during structural relaxation (2-3 ps)
and crystallisation (about 7 ps), isochronal annealing was applied. In
general the accuracy was about 0.5-1 ps. Both negative and positive
changes in © during structural relaxation have been reported.

In previously reported sets of data on different properties of
amorphous Fe,gNis 0B, the separation between CSRO and TSRO was not
visible because the sign of the changes in the observed property was the
same for the two processes. In search of a directly visible transition
from CSRO to TSRO, a positron annihilation study was started, measuring
the change in the positron lifetime t after annealing treatments. It was

45



REVERSIBLE AND IRREVERSIBLE PROCESSES

expected that during TSRO the lifetime would decrease due to an increase
of the density, analogous to the observed decrease of t in crystalline
material when excess vacancies anneal out [12]. The sign of CSRO could
not be predicted but if the lifetime would increase due to CSRO, a
maximum would be observed at the CSRO-TSRO transition point.

In this chapter positron lifetime measurements after isothermal
annealing treatments of the metallic glass FeyoNisoBye will be presented.
The same glass (Vitrovac 0040) was used in previously reported studies
of changes of physical properties during structural relaxation. The data
are analysed in terms of the mixed model as presented in chapter 2.

This work was done in cooperation with dr. ir. J. de Vries of the
Interfaculty Reactor Institute Delft.

4.2.2 Experiments

The positron annihilation technique is a nuclear method used in solid
state physics and materials science. Positron lifetime is, beside angular
correlation and Doppler broadening, one of the three techniques used to
investigate the annihilation characteristics. The positron lifetime
depends on the electron density in the sample. An increase of the chance
that a positron meets an electron decreases the positron lifetime. The
lifetime is obtained by measuring the difference in time between the
detection of a photon with an energy of 1275 keV, emitted at the moment
the positron is "born" in a 22Na source, and the detection of one of the two
photons of 511 keV, emitted at the moment the positron is annihilated.
For a general overview of the positron lifetime technique and details
about the equipment, see references [11,13,14].

In order to obtain samples of the necessary thickness of about 0.1
mm, four small pieces of the amorphous material were spot welded upon
each other. The samples were annealed during a time t, (between 100 and
105 seconds) at a temperature T, (475 - 600 K). For each ©(Taty) a
different sample had to be used. The samples were positioned with the
dull side of the ribbon to the source.

Two different spectrometers and source constructions were used
during the measurements. The first measurements (525 K, 575 K, 600 K
and most of the 550 K measurements) were performed with a positron
lifetime spectrometer with a resolution of 195 ps FWHM and a 22NaCl-on-
mylar source. The 475 K series and the remaining points of the 550 K
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series were measured with a spectrometer with a resolution of 150 ps
FWHM [13] and a 22NaCl-on-kapton source. The kapton source was used
because it was nearly twice as thick as mylar and it was hoped to be
mechanically stronger.

The spectra were analysed with the computer program POSITRONFIT
[15]. This program considers the obtained spectra (an example is given in
figure 4.1) to be the result of at most three lifetime intensity functions
convoluted with the resolution function, which was assumed to be
gaussian. The contribution of a lifetime t; in this spectrum, represented
by the intensity I;, is given by the function I;= Iy exp(-t/t), where Iy ; is a
constant. The fit parameters for the program are the intensities and the
lifetimes.
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figure 4.1 A typical positron lifetime spectrum of FeyoNigoBog
metallic glasses. The drawn line in the figure is the result
of a fit. The residual plot of the fit is given in the upper
part of the figure. The time scale is proportional to the
channel number (1 channel = 20 ps) and t=0 is at channel
100.
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Both mylar and NaCl exhibit positron lifetimes in the region of 350
ps and 1.4 ns. To minimize the influence of the source lifetime
components, the ratio of the intensities of these two components was
obtained from fits of all measured spectra, in which all parameters were
free to vary. In the final fits this ratio and the values of the source
lifetimes were kept constant, reducing the free fit parameters to the
intensities for t = 1.4 ns and for the sample lifetime, and the sample
lifetime itself.

For the measurements performed with the 22NaCl-on-kapton source
such a procedure could not be used. Kapton exhibits a single lifetime
component of about 380 ps and therefore the intensity of the 1.4 ns
lifetime is only representing NaCl and has a very low value. Consequently,
the intensities of both the source and sample lifetimes had to be fitted,
which was possible because of the good resolution of the spectrometer.

In figure 4.1 a typical spectrum is given. The horizontal axis is given
in channel numbers, which are proportional to time. The solid line in this
figure is the result of a fit. In the upper part of figure 4.1 the differences
between the data points and the fit are given on a linear scale, based on
the standard deviation ¢. Since the spectrum is obtained by counting vy -
photons, o is equal to the square root of the number of counts. All data
points fall within 3c from the fit and no systematic differences are
present.

During these measurements the stability of the source was
monitored by measuring an 'as quenched' sample before each measurement
of an annealed specimen. Due to the variations in the measuring and
analysis procedure (caused by the different sources) variations of a few
ps were found between the two series of measurements. To compensate
for this the as quenched values were fixed to a value of 147.2 ps, being
the 3verage of all as quenched lifetimes, and the points measured in
different series were corrected correspondingly. The variation of the
lifetime in the as quenched sample was found to be + 0.6 ps.

4.2.3 Results and discussion

In figure 4.2 the positron lifetime t is plotted versus the annealing
time for five different annealing temperatures. Each point in this figure
was obtained by annealing a specimen during the time and at the
temperature indicated in the figure. The estimated error in the positron
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lifetime (+ 0.6 ps) is represented in the figure by an error bar in each
point. The as quenched value is marked by A at t,=1 second.

The changes in t are too small for a quantitative interpretation, but
qualitatively the following interpretation can be given.

In all figures, on the time axis the time 14, is indicated. This is the
time at which, according to previous analysis of structural relaxation in
amorphous FeygNigoB2o (chapter 2), TSRO becomes important. In all
isotherms 14, corresponds with the onset of a decrease in positron
lifetime (part CD in the figure). This means that the preceding part of the
T isothermals (ABC) covers the range previously identified as the CSRO
range. It consists of two parts, a decrease (AB) and an increase (BC) of .
This is in contrast with most previous measurements on the change of
other physical properties, where the change was monotonous in the whole
CSRO range.

Finally, before 1., the time of the onset of crystallisation [16], the
positron lifetime increases again, shown by part DE. This somewhat
unexpected result has been observed earlier by Tanigawa et al. [3] and
was ascribed by them to positron trapping at the surface of the small
crystalline nuclei. Due to this trapping the lifetime of the positrons
increases. With the growth of the nuclei the relative importance of the
crystalline bulk increases, and t consequently decreases. This means that
after part DE a new maximum should be observed. This was found by
Schiltz et al. [5] in Fey4oNiggByo during isochronal annealing. They found a
maximum before a strong decrease in lifetime (about 7 ps) due to
crystallisation. This maximum is not visible in our experiments because
the annealing time was too short to reach it.

The increase of positron lifetime in part DE of the isotherms
consistently starts before t, = 1., which means that the onset of
crystallisation can be observed earlier by positron lifetime than, for
instance, by electrical resistivity, DSC or Young's modulus measurements
[17]. This is not unreasonable because in case of the latter, the volume of
the crystallites is determining, whereas for positron trapping also the
surface plays an important role.

It is clearly shown in figure 4.2 that the whole pattern shifts to
shorter times when the temperature increases. At 475 K only the AB and
at 600 K only the CDE part of the isotherm can be observed. The most
complete picture is the one at 550 K (figure 4.2.c).

The observed change of the positron lifetime can be compared with
isochronal data reported in the literature [3,5]. The presented results are
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similar to those of Tanigawa et al. [3] in PdgySisg, where also the CSRO-
TSRO subdivision could be made. The only difference was found in part
AB, which was constant for PdSi, where in our data a decrease in t was
observed. The data of Schiltz et al. [5] on Fe,gNisgBso also show
similarities with the present data, although they show less detail than
our data. On the other hand, a continuous increase of lifetime for the
region ABC in various metallic glasses has been reported by Chen and
Chuang [4]. It seems therefore, that changes in positron lifetime are very
sensitive to changes in composition.

4 2.4 Conclusion

The present isothermal data of the change of positron lifetime during
structural relaxation can directly be compared with results obtained by
other techniques on the same glass. This comparison the identification of
the annealing out of free volume (TSRO).

The onset of crystallisation is observed earlier by positron lifetime
than with other techniques, probably due to an enhanced positron lifetime
at the surface of the small crystalline nuclei.

In the regime ascribed to chemical short range ordering (CSRO) a
minimum in the lifetime was observed. In the following sections (4.3 and
4.4) the CSRO range will be discussed in more detail with the help of
electrical resistivity measurements.

4.3 Electrical resistivity measurements
4.3.1 Introduction

Electrical resistivity measurements have frequently been used to
study structural relaxation in amorphous materials [18-26]. Balanzat et
al. [23] presented a comprehensive study of electrical resistivity for
many metallic glasses. They measured the change of electrical
resistivity during isochronal annealing, quenching down after the
annealing treatment (T=T,) to 4.2 K (liquid helium). For nearly all the as
guenched samples an increase of the electrical resistivity was found at
low T,, followed by a decrease at higher T,.

On the other hand, many studies have been presented, in which the
electrical resistivity continuously decreases in both isothermal and
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isochronal experiments [24,25]. In these cases the resistivity was
measured at the annealing temperature. This suggests, in comparison
with the measurements presented by Balanzat et al., that the change of
the electrical resistivity during structural relaxation depends strongly
on the measuring temperature.

In this study electrical resistivity measurements are presented on
Fe4oNigoBog, performed at 77 K (liquid nitrogen), 293 K (room
temperature) and between 500 and 600 K (annealing temperature).
Especially the CSRO part of the isotherms is considered in order to find a
confirmation for the existence of two processes in this part of the
isotherms as was indicated by the positron annihilation measurements.
Preliminary measurements have been reported by Kokmeyer et al. [26].

4.3.2 Experimental details

The electrical resistivity measurements were performed with the
set-up described in chapter 3. After each annealing treatment the sample
was quenched into liquid nitrogen, and the electrical resistance was
monitored during 5 minutes. Then the sample was held at room
temperature to measure the electrical resistance at that temperature
(also during 5 minutes).

The relative change of the electrical resistance during a given
annealing treatment was calculated by

AR R(t,Tp)-R(0,T) p
R R ' (4.1)

where R(t,T,,) is the electrical resistance after an annealing treatment
during a time t, measured at the measuring temperature Tm (77 K, room
temperature or annealing temperature) and Ry is the electrical resistance
of an as quenched sample, measured at 77 K. The division by Ry was
performed in order to correct for geometrical differences between
different samples.

The value R(0,T,,) at the annealing temperature was obtained by
measuring the electrical resistance at T,;=313 K and then calculating
R(0,Tm) at the annealing temperature by applying the equation
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figure 4.3 Isothermal change of the electrical resistivity during
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R(O,Tp)  14a(Te-To)+b(To-To)2
R(0,T1) = 1+a(T4-To)+b(T4-To)2 (4.2)

where a and b are the temperature coefficients of the quadratic equation
(resp. 3.814 104 K-! and 1.113 107 K-2) and T,=273 K. The coefficients
were obtained by measuring the resistance between room temperature
and 473 K for one sample.

4.3.3 Results
4.3.3.a As gquenched samples

In figure 4.3 the change of the electrical resistivity AR/Ry, measured
at resp. annealing temperature (figure 4.3.a), room temperature (figure
4.3.b) and in liquid nitrogen (figure 4.3.c), is plotted versus time. The
isotherms are corrected for small fluctuations in the temperature, as
monitored by the chromel/alumel thermocouple. The isotherms measured
at room temperature and in liquid nitrogen are also corrected for small
differences in the mean measuring temperature between the isotherms.
Both observed fluctuations are + 0.5 K.

in figure 4.3 a continuous decrease of the electrical resistivity can
be observed for all isotherms. The change of the electrical resistivity is
caused, according to the mixed model, by both CSRO and TSRO. No
transition point between CSRO and TSRO can be observed, which is in
accordance with earlier presented electrical resistivity measurements in
liquid nitrogen and at the annealing temperature [26]. However, in some
isotherms a small bend can be observed where TSRO becomes important
(at 100, 500 and 5500 seconds at resp. 602, 581 and 555 K).

The changes due to TSRO can be obtained by plotting the observed
change in electrical resistivity versus the calculated change of the
reduced free volume x, where x is given by

exp(x’) - exp(x;') = Cotexp(-E/RT), (2.8)
as presented in chapter 2. In this equation xo= 0.07527, Co= 1.63 1025 s-!

and Ei= 250 kJ/mole. The change of the electrical resistivity due to TSRO
is taken proportional to Ax, according to Woldt et al. [20].
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figure 4.4 The isotherms of figure 4.3, now plotted versus the
calculated change in reduced free volume -Ax. The
measuring temperatures are (a) annealing temperature, (b)
room temperature and (c) 77 K.
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TABLE 4.1

Slope (Ag) and intercept (AR/RN)eq Of the straight lines in figure 4.4. T,
and T, are resp. the measuring and annealing temperature.

Tm [K] Ta [K] Ar (%NE) oq [PPM]
529 529 0.189 -14100
555 555 0.204 -13500
581 581 0.216 -12600
602 602 0.222 -11700
293 529 0.143 -9700
555 0.165 -8800
581 0.184 -8300
602 0.203 -7900
77 529 0.101 -4700
555 0.133 -5200
581 0.164 -4800
602 0.191 -4900

In figure 4.4 the change of the electrical resistivity is plotted
versus the calculated Ax. It is shown that in all isotherms AR/Ry is linear
with Ax for -Ax > 0.004 . This is in agreement with earlier results on
Young's modulus measurements [27]. The solid lines in figure 4.4 are
results of linear regression fits. In table 4.1 the slopes Ag are given. The
intersection of these lines with the Ax=0 axis yields the value of AR/Ry
due to CSRO only, which will be called (AR/RN)eq-

For T, = 529 K it was not possible to determine Ag in the way
described before, because at the end of the experiment TSRO has only just
started. However, at constant T, (77 and 293 K) the obtained Ay values
show an increase with increasing T, for T,= 555, 581 and 602 K. As
demonstrated in figure 4.5, the Ag(T,) relation at constant T,, is linear
for both T, = 77 K and 293 K. Therefore Ag at 529 K was determined from
extrapolation of the straight lines in figure 4.5. The results are
represented in table 4.1.
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figure 4.5 The slopes of the lines in figure 4.4 plotted versus the
annealing temperature. The squares, crosses and diamonds
represent the slopes of resp. annealing temperature, room
temperature and 77 K. The solid lines are the results of
least squares fits. The triangles are the calculated slopes

at the annealing temperature, using the procedure described
in the text.

Assuming that the relation Ag(T.,) at constant T, is also linear, the Ag
values for the series T, = T, can be obtained by extrapolation. The results
are given by triangles in figure 4.5. The Ay values obtained by the direct fits
of figure 4.4.a (see table 4.1) are represented by squares. The agreement is
reasonable.

Frem the isotherms of figure 4.3 the changes of the electrical
resistivity due to CSRO can be obtained by

AR aR,
Bl osro® = IO - Adx(b), (4.3)

where Ax(t) is the change of the reduced free volume after an annealing
time t. The results are given in figure 4.6. In this figure it is clearly
shown that the isotherms saturate. The equilibrium value is the (AR/RN)eq
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figure 4.6 The isothermal change of the electrical resistivity, after
subtraction of the contribution of free volume annihilation,
plotted versus the annealing time. The measuring
temperatures are (a) annealing temperature, (b) room
temperature and (c) 77 K.
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as given in table 4.1. The estimated error of these values is + 200 ppm
for the measurements at room temperature and in liquid nitrogen and

+ 400 ppm for the measurements at the annealing temperature, due to the
fluctuations in the temperature and the experimental error in the
observed resistivity.

The quantity (AR/Ry)eq reflects the difference in equilibrium short
range order at T, and the short range order in the as quenched specimens,
represented by the fictive temperature T;. For T, = T, and T,, = 293 K it
can be seen that the absolute value of this quantity decreases with
increasing T,, as expected because the difference in equilibrium short
range order between T; and T, decreases with increasing T,. However, for
Tm = 77 K the vaiues (AR/Ry)eq show a slight increasing tendency. To this
surprising result we shall come back in the discussion.
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figure 4.7 The isotherms of figure 4.6 plotted versus the activation
energy as calculated with equation (4.4).

A different representation of the results is obtained when the CSRO
isotherms are plotted versus the activation energy E:

RT 0.5

where B is a constant (9.7 104 K1), v is a frequency (5.1 109 s-!) and
0.5/x invoives the effect of the amount of free volume on the ordering
kinetics. The background of equation (4.4) which is derived from eqgs.

E-
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(2.23) and (2.24) will be extensively discussed in section 5.2.1.a,
including the value of v.

In figure 4.7 all CSRO isotherms are plotted versus the activation
energy E. All isotherms saturate to the equilibrium value near the
activation energy of 250 kJ/mole. It is remarkable that the initial parts
of the isotherms of each measuring temperature nearly coincide. This
indicates that this part is only slightly dependent on the annealing
temperature.

4.3.3.b Cycling experiments

A specimen was preannealed during 103 s at 602 K, which, according
to the results of the previous section, is sufficient to establish
equilibrium chemical order at that temperature. Then the specimen was
annealed at 555 K, during which AR/Ry was measured as a function of
time. The results are shown in figure 4.8, curves (1). The measuring
temperature was T, (fig. 4.8.a), 293 K (fig. 4.8.b) and 77 K (fig. 4.8.c).
After the 555 K anneal the specimen was again annealed at 602 K; AR/Ry
versus time is represented in figure 4.8, curves (2).

Part of the changes in resistivity in figure 4.8 is due to the
annihilation of free volume. The CSRO contributions can be obtained by
the procedure described before for the as quenched isotherms. The result
is shown in figure 4.9, where the CSRO change of the resistivity is
plotted versus the activation energy as given by equation (4.4).

In figure 4.9 it is shown that for the isotherms measured at the
annealing temperature and at room temperature the electrical resistivity
decreases during ordering (annealing at 555 K, curve 1) and increases
during disordering (annealing at 602 K, curve 2). This is agreement with
the as quenched isotherms, where a decrease in electrical resistivity
was found during ordering (figure 4.7). The magnitude of the change in
electrical resistivity for the 555 K and 602 K isotherms is resp. -2500
and 2800 ppm at the annealing temperature and -1500 and 1700 ppm at
room temperature, which, within the accuracy of the experiments, can be
considered as fully reversible behaviour.

The results at 77 K show a more irreqular pattern. The reason for
this might be the very small reversible contribution (about 150 ppm)
compared to the inaccuracy of the set-up. However, the sign of the
changes shows that during ordering the electrical resistivity increases,
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in contrast with measurements at 293 K and T,, but in agreement with
the slight increasing tendency in (AR/Ry)eq with decreasing T, (table 4.1).
Therefore, during disordering the electrical resistivity is expected to
decrease, as can be found in figure 4.9.c (curve 2).

Both isotherms in figure 4.9.c show an extreme around E = 210
kd/mole. The 602 K isotherm also seems to exhibit a maximum at 240
kdJ/mole. We do not have a complete explanation for these details in the
effect of the reversible processes.

4.3.4 Discussion and conclusion

In figure 4.7 it was shown that for the as quenched specimens the
electrical resistivity at all measuring temperatures decreased during
annealing due to CSRO processes. The change in electrical resistivity
increased with increasing T,,: the observed change in electrical
resistivity was larger in the case of the measurements at the annealing
temperature than for the measurements at room temperature or at liquid
nitrogen temperature. It was also demonstrated that for the isotherms
measured at the annealing temperature and at room temperature,
(AR/RyN)eq became larger at lower annealing temperature. An opposite
tendency is observed for the measurements at 77 K: it seems that the
change of electrical resistivity becomes smaller at lower annealing
temperature.

As for the cycling experiments, the results could be divided into two
groups: the first consists of the isotherms measured at the annealing
temperature and at room temperature; the second of the isotherms
measured at 77 K. For the first group it was demonstrated that during
chemical ordering (annealing at 555 K after preannealing at 602 K) the
electrical resistivity decreases. This is in agreement with the as
quenched isotherms.

In liquid nitrogen however, the electrical resistivity was found to
increase during ordering. This is not compatible with the as quenched
results, for which a continuous decrease in electrical resistivity was
observed during annealing. Since during this first anneal ordering should
occur, the only explanation is a contribution of irreversible processes.
The same conclusion was reached by Kokmeyer et al. [26] (see also
section 2.3). These irreversible processes result in a decrease of
electrical resistivity during annealing.
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For this reason one should no longer use the name CSRO for the part
preceding TSRO, because CSRO was defined to be reversible. Therefore all
changes in the observed property in FeyoNiyoBog, that are not due to TSRO,
will from now on be called pre-TSRO: it consists of reversible CSRO plus
irreversible processes, the nature of which is unknown.

Since the observed reversible contribution at 77 K was found to be
small, it is expected that most of the pre-TSRO changes in electrical
resistivity for the as quenched samples at T, = 77 K are due to
irreversible processes. This means that, because the resistivity changes
monotonously in the pre-TSRO range and exhibits no clear change in slope
(due to a transition from irreversible to CSRO), these processes
contribute over the entire pre-TSRO range.

In figure 4.9 the reversible changes of the electrical resistivity
were given as a function of the activation energy. From these figures it
can be concluded that the reversible processes have activation energies
between 170 and 250 kJ/mole. In figure 4.7 however, it is demonstrated
that the change of the electrical resistivity is not zero up to 170
kJ/mole for the as quenched isotherms. Therefore, these changes,
connected with the first part of the CSRO spectrum presented in chapter
2, must be due to irreversible processes.

In a previous study on the change of the electrical resistivity during
structural relaxation [26], it was assumed that the irreversible part of
the pre-TSRO, named R3, was independent of the measuring temperature.
However, the result that the first part of the as quenched isotherms is
irreversible and dependent on the measuring temperature, shows that the
irreversible change in electrical resistivity does depend on the measuring
temperature. Extrapolation of the isotherms of figure 4.7 to 170 kJ/mole
gives an illustration of this dependency.

The magnitude of the reversible changes in the electrical resistivity,
as observed in the cycling experiments, was about 2600 and 1600 ppm for
resp. the measurements at the annealing temperature and at 293 K. These
values were larger than the differences in electrical resistivity obtained
from table 4.1 (1800 and 900 ppm between 555 and 602 K for resp.
annealing and room temperature). For the measurements at room
temperature, this difference is significant. For the measurements at the
annealing temperature however, a correction is necessary because the
changes of the electrical resistivity depend on T,. Assuming that
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(AR/Rp)eq is linear with T, between room and annealing temperature, a
reversible change of the electrical resistivity of about 2300 ppm
between 555 and 602 K is expected. This procedure implicitly corrects
for the T,, dependence of the irreversible processes.

The reversible change of the electrical resistivity was expected to
saturate at about 250 kJ/mole when these changes were plotted versus
the activation energy. In figure 4.9 however, this is not clearly the case.
This may be due to an insufficient correction of the electrical resistivity
for free volume annihilation, partially due to the inaccuracy in Ag.

From table 4.1 it is clear that the Ag values at constant T,, depend on
T,. This might be due to the different states of CSRO at the various
annealing temperatures. However, this was never observed in, for
instance, Young's modulus measurements, where the proportionality
factor Ag was found to be independent of the annealing temperature.

Mihara et al. [2] have measured the change of the electrical
resistivity during structural relaxation after isochronal annealing for
FesoNisoP 14Bg both at liquid nitrogen temperature and at room
temperature. They found that the electrical resistivity increases after
low temperature annealing and then decreases upon further annealing at
higher temperatures. The magnitude of the changes in the electrical
resistivity decreases with increasing T,,. Balanzat [28] reported
isochronal electrical resistivity measurements on the same metallic
glass, performed in liquid helium. He found a similar pattern as was
reported by Mihara et al. Isochronal electrical resistivity studies in
liquid helium on an Fe,oNi B,y metallic glass [23] have shown that for
the as-quenched metallic glass the electrical resistivity slightly
increases. According to the reported isothermal changes in electrical
resistivity, this might be due to an increase in electrical resistivity due
to chemical ordering and a decrease due to the irreversible processes,
which effects could cancel each other completely. The initial increase in
the electrical resistivity in the FesgNisgP14Bg metallic glass is,
according to the presented model, also due to chemical ordering and the
irreversible processes in the pre-TSRO region. Because a clear initial
increase in electrical resistivity was observed in the isochronal
measurements, it can be concluded that the irreversible processes are
less important for the changes in the electrical resistivity of this
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metallic glass but their contribution increases with increasing
measuring temperature.

4.4 Discussion

In the previous sections it was found that in structural relaxation
for amorphous Fe4oNisoByo three types of processes play a role: one is
reversible, the other two irreversible. One irreversible process is
Topological Short Range Order (TSRO), as reported earlier. It was found in
section 4.2 that the positron lifetime starts to decrease at t = 13 when,
according to previously reported data, TSRO becomes important. In
section 4.3 a small change of the slope in the as quenched resistivity
isotherms was reported at t = t;,, corresponding to the onset of TSRO.

The pre-TSRO part of the isotherms could be divided in two types of
processes, reversible and irreversible. The reversible processes are
known as Chemical Short Range Ordering (CSRO). It was found that the
spectrum of activation energies for CSRO is less wide than reported in
chapter 2. Only processes with an activation energy between 170 and 250
kdJ/mole showed reversible behaviour. The processes that evolve before
CSRO are irreversible and so is part of the processes in the activation
energy range between 170 and 250 kJ/mole.

The conclusion that only the final part of the spectrum contains
reversible processes was based on cycling experiments. It was found that
reversible changes of the electrical resistivity started with processes
with an activation energy of about 170 kJ/mole (figure 4.9). This is in
agreement with analogous experiments on Young's modulus [29], as shown
in figure 4.10. In this figure the change of Young's modulus, represented
by Av2, during cycling experiments is plotted versus the activation
energy. After a preanneal at 600 K the annealing temperature was
changed to 525 K and the change of the modulus was measured. Then, the
temperature was changed to 600 K and the change of the modulus was
measured again. The procedure of cycling between 525 and 600 K was
repeated in the 4th and 5t anneal. In figure 4.10 the reversible changes of
the modulus can be observed. This figure clearly demonstrates that the
changes in Young's modulus start at E=170 kJ/mole.

For the change of the positron lifetime it was found that the pre-
TSRO part (ABC) of the isotherms exhibits a minimum in the lifetime, at
an activation energy of between 180 and 220 kJ/mole. It seems
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figure 4.10 The isothermal change of v2, after subtraction of the
contribution due to free volume annihilation, upon
sequential annealing at the indicated temperatures for a
specimen preannealed at 600 K for 600 seconds [29].

reasonable to conclude that the initial decrease in positron lifetime is
due to the irreversible processes, because the first part of pre-TSRO in
electrical resistivity was found to be irreversible. The subsequent
increase in lifetime (BC) is then attributed to reversible CSRO.

Huizer et al. [30] have also reported an irreversible process in the
pre-TSRO part in amorphous Fe,gNisBye. They measured the length
changes during cycling experiments and found that only a small part of
the observed length changes in the pre-TSRO range for an as quenched
sample was reversible. Therefore, they concluded that the spectrum of
activation energies could be divided into two regions, a lower energy part
describing the irreversible process and a higher energy part describing
the reversible processes. The activation energy for which the first part
passes into the second was about 200 kd/mole. This activation energy
agrees very well with the activation energy belonging to the minimum (B)
in the positron lifetime measurements. However, it disagrees with the E
= 170 kJ/mole as found for Young's modulus and electrical resistivity
measurements. An explanation for this discrepancy cannot be given at the
moment.
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The interpretation of the irreversible processes in the pre-TSRO part
is still uncertain. Model calculations often show that small metalloid
atoms could be enclosed by cages of larger metal atoms. However,
Sietsma and Thijsse [31] have concluded that boron atoms in as quenched
NigoBoe might very well be on "substitutional” positions, which means
that there is no principal difference between metal and metalloid
positions. It is possible that during the first anneal of an as quenched
glass the metalloid atoms migrate into "holes" surrounded by metal
atoms and remain there, independent of the annealing temperature. This
process can then be considered irreversible. The structure densifies
during this process, which results in a decrease of the length, in
accordance with Huizer's observations [30] and a decrease of the positron
lifetime (section 4.2). The validity of this picture should be investigated
by molecular dynamics studies.

4.5 Conclusions

1 The final part of structural relaxation (TSRO) as monitored by
measurements of the electrical resistivity can be described by the
formalism of the free volume model, with the same parameters as
derived earlier from other types of experiments.

2 The positron lifetime measurements marked, for the first time, a
clear transition between the TSRO and the pre-TSRO region.

3 In contrast to earlier analysis, the pre-TSRO region (activation
energy spectrum between E = 130 kJ/mole and E = 250 kJ/mole)
contains both reversible and irreversible processes. This follows
from the changes of the electrical resistivity as measured at three
different measuring temperatures (77 K, 293 K and the annealing
temperature) in combination with temperature cycling experiments.
According to resistivity (section 4.3) and Young's modulus data [29]
the reversible processes start at about E = 170 kJ/mole. Length [30]
and positron lifetime (section 4.2) data seem to indicate that
reversible processes start at about E = 200 kJ/mole.
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4  The reversible processes are ascribed to chemical short range
ordering (CSRO). The nature of the irreversible processes in the pre-
TSRO range is as yet unknown.
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DIFFUSION AND FLOW DEFECTS

CHAPTER 5

DIFFUSION AND FLOW DEFECTS IN METALLIC GLASSES

5.1 Introduction

Atomic transport in amorphous materials can be studied in the most
direct way by measurements of the diffusion coefficient and the
viscosity [1]. More indirect methods are the study of processes that are
assumed to be related to diffusion.

Diffusion experiments in metallic glasses are hard to perform
because the diffusion lengths that can be attained are very short, often
not more than about 10 nm. The reason for this is that the diffusion
measurements are limited in time and temperature. At low temperature
the diffusion rate is very small, which means that long annealing times
are required to attain a sufficiently long diffusion length. At higher
temperatures the time is limited because of the onset of crystallisation.
Another problem is the change in the amorphous state due to structural
relaxation. The amorphous state is not stable and will relax to a more
stable one during annealing. Therefore the diffusion coefficient in
principle changes during annealing.

o —_
o 50 100 160 200

t [min)
figure 5.1 The interdiffusion coefficient D in amorphous FeB/PdSi

multilayers during annealing at 573 K, plotted versus the
annealing time. Data obtained from ref. [9].
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Many groups have tried to describe the influence of structural
relaxation on diffusion [2-11]. Tracers and impurities, like Au, were used
to study the diffusion behaviour. Generally no or a small decrease of the
diffusion coefficient during structural relaxation was observed. Perhaps
the largest effect of structural relaxation on D reported is shown in
figure 5.1 [9]. In this figure, the Pd-Fe interdiffusion coefficient D for an
PdSi/FeB multilayer is plotted as 1/D versus the annealing time.

!

m 6
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figure 5.2 The isothermal change of the viscosity of FesoNisoBsog for

one sample during subsequent annealing at 543 K, 563 K and
583 K after preannealing at 523 K [12].

The above mentioned difficulties do not occur when the change of the
viscosity m is measured during structural relaxation in amorphous
materials, because n, unlike D, can be determined instantaneously. When a
stress is applied on an amorphous ribbon the length 6f the ribbon
continuously increases due to flow. The ratio between the shear stress
and the flow rate is the viscosity n. It was found [12], as shown in figure
5.2 for FeyoNisoBjoo, that the viscosity increases linearly with time
during annealing, as long as the glass under investigation is far from its
metastable equilibrium state. Near equilibrium the viscosity saturates to
a constant value (see chapter 6).

In the free volume theory of structural relaxation the decrease in D
and increase in n are ascribed to the annealing out of defects that build
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up the free volume (chapter 2), which densifies the material and
decreases the atomic mobility. It is assumed that D « c4 and n o c'},
where ¢4 and ¢; are the concentration of resp. diffusion and flow defects.
If viscosity and diffusion are governed by the same defect, as is
generally assumed, the Stokes-Einstein equation

nD = constant, (5.1)

which is well obeyed in liquids, is expected to hold. However, studies of
both viscosity and diffusion during structural relaxation give rise to the
conclusion that the Stokes-Einstein relation probably does not hold [13].

The assumption that the Stokes-Einstein relation is valid is used in
the literature, e.g. [14]. The observation that 1/D (figure 5.1) and n
(figure 5.2) are linear with time are the basic assertions for this.
However, when deriving the proportionality factor in the expression for
the Stokes-Einstein relation from the experimental data, which is on the
order of one atomic radius in liquids, unrealistic values (wrong by a
factor up to 600) were found.

It is possible to study the influence of structural relaxation on the
diffusion coefficient in an indirect way. Chemical Short Range Ordering
(CSRO) is assumed to be a diffusion process. The process is assumed to
take place by a few jumps per atom. It is expected that diffusion defects
play an important role in this process. If the number of defects
decreases, the ordering kinetics is expected to slow down.

In this chapter experiments are described to study the change of the
ordering kinetics due to prolonged annealing. To this end both chemical
ordering and stress induced ordering experiments have been performed.
The results will be described in terms of the decrease of the
concentration of flow defects. The findings are used to analyse the
change of the diffusion coefficient during structural relaxation as
presented in the literature. The related consequences for the validity of
the Stokes-Einstein relation will be discussed.
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5.2 Results
5.2.1.a Chemical Short Range Ordering

Young's modulus measurements were performed to measure the
change of chemical ordering kinetics in amorphous Fe4oNisgBog during
cycling experiments. A description of the set-up is given in section 3.2.

TABLE 5.1

Annealing program and calculated reduced free volume x at the end of

each anneal
T [K] t [s] X
600 250 0.07107
550 40000 0.06794
600 7000 0.05913
550 715220 0.05688

In order to follow the change of the ordering kinetics, the modulus
was measured by cycling between two annealing temperatures, 600 and
550 K. The annealing history and the calculated reduced free volume after
each annealing treatment, as calculated by use of the equation

exp(x’') - exp(x;') = Cotexp(-E/RT), (2.8)

are given in table 5.1. In equation (2.8) C, and E; are 1.63 1025 s-! and
250 kJ/mole, respectively, whereas x, = 0.07527 for the as guenched
samples.

The first anneal, 250 sec. at 600 K, was performed to attain
equilibrium order at 600 K. This means that after this anneal only
reversible chemical ordering and irreversible TSRO will occur (see
chapter 4). The observed v2 is represented in figure 5.3. After the

74




DIFFUSION AND FLOW DEFECTS

v 220
A LA ab
(106 m?572] Lo A8 88
aa b b 8%
A A A 650 o ©
218 F + %@ &
o0 DB0 ® ?
fesl
CID
jn]
a
21.0 o
205 . . " "
1 10 102 103 104 105 106

time [s)

figure 5.3  The isothermal change of Young's modulus in FesoNigoBog,
represented by v2, after subsequently annealing at 600 K
(O0), 550 K (0), 600 K (+) and again at 550 K (A).

preanneal at 600 K, the samples were subsequently annealed at 550 K
(40000 seconds), 600 K (7000 seconds) and again at 550 K (715220
seconds). The observed v2 for these annealing treatments is also plotted
versus the logarithm of time in figure 5.3.

The increase of v2 during annealing at 550 K is due to two processes.
The first is, due to lowering the temperature from 600 K to 550 K, the
increase of the degree of chemical order. This gives rise to an increase in
v2. The second process is the annealing out of free volume (TSRO), which
starts when chemical short range ordering is completed. This also gives
rise to an increase in v2, Because the kinetics of annealing out of free
volume is known, the effect of the two processes on v2can be separated.
The change in v2 due to annealing out of free volume is given by
AviSRO = Ag Ax [15], where Ag is a constant (24:10% m2s-2), and can be
subtracted from the total change measured. The result is the change in v2
due to CSRO.

In figure 5.4 the change in v2 due to chemical ordering is given for
the two isotherms at 550 K. The presented isotherms are an average
result of three different samples, the accuracy in Av2 is (see chapter 3)
+ 0.01:108 m2s-2,

In figure 5.4 it is shown that the second curve is shifted with
respect to the first one to longer times. During the second anneal at 600
K, the amount of free volume is decreased, as given in table 5.1, so the
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kinetics of chemical ordering indeed slows down with decreasing free
volume.
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figure 5.4  The isothermal changes of v2 at 550 K in FesoNisoBs,q, after
subtracting the contribution due to free volume
annihilation. The symbols (0) and (A) represent the first
resp. second anneal.

The relaxation time t for an ordering process with an activation
energy E can be represented by

t=vy Cy exp(ERT) = v;' ¢;' exp(Eg/RTer),  (5.2)

in which vy is the Debye frequency. The second equality relates to eq.
(2.23), with Toq =1 BT If during an annealing treatment cq changes by a
factor s, © changes by a factor s-!, which is visible on a logarithmic time
scale (like in figure 5.4) by a shift of the curves over log(s-1). If the
assumption c4=c; is correct, the shift factor s between the two
isotherms in figure 5.4 can be calculated by

T2 Ciy 1

1
S="=""=6exp(— - s 5'3
71 Cs2 p(Xz ;) (5.3)

where the subscripts 1 and 2 denote the first and second isotherm at 550
K, respectively.
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The calculated shift factor s is then 17.1. In figure 5.4, however, the
observed shift factor is 4 £ 0.5. So the observed shift factor is not in
agreement with the predicted one.

This effect has been further investigated by varying the annealing
time of the annealing treatment at 600 K between the two treatments at
550 K. In table 5.2 the observed (s,,s) and calculated shift factor (s.,c)
are given for several annealing treatments at 600 K. The results give rise
to the conclusion that the observed shift factor is about the square root
of the expected one, which implies cq = /¢y

TABLE 5.2

Experimental and calculated shift factors between the two isothermals
at 550 K as a function of the intermediate annealing time t; at 600 K.

ty [5] Scalc Sobs
1000 4.1 2
2000 6.7 2
7000 171 4

The validity of this result can be illustrated as follows. In equation
(5.2) a relation between the relaxation time t and the concentration of
diffusion defects ¢4 is given. It follows from this equation that on a
modified time scale c¢4.t the curves will coincide. In figure 5.5 the
observed change in v2 is replotted in this way, where in figure 5.5.a ¢4 =
ci is assumed and in figure 5.5.b ¢y =+/¢; . It is clearly demonstrated that
in the latter case the curves indeed coincide.

According to the Primak approximation in the AES model, annealing
during a time t at temperature T will give rise to equilibrium ordering of
all processes with © < t. It follows from (5.2) that the spectrum is
ordered up to an energy k5 given by

Eq = RTo In(vg Cq 1). (5.4)

This equation was already presented in chapter 2 (eq. 2.23), with vo=vycy.
For as quenched measurements vy = 6.6 108 57 was found and xy=0.07527.

77



DIFFUSION AND FLOW DEFECTS

2 03
Avcsro a
(106 m2s5-2) Ag(;"“
02 A a o
A
a o
a o
A o
A o
o1t A °
A
a® 4 .
A b a 0o °
00 . . . . .
1077 1076 105 1074 10~3 10-2 10-1
th [3]
2
Avcsro 03 5
106 m2g-2
[ 87¢] 4o 8 8% a
oz} @
A
o
I
I4
Ao
o1 &
o
A
A A 6‘b
1074 103 10-2 10-1 1 10 192
tVCf [s]

figure 5.5 The isotherms of figure 5.5, now plotted on the modified
time scale t.c; (a) and t ¢y (b).

For v4 the value 5.1 10° 51 follows, using cq =V¢; = exp(-0.5/x). This
value is smaller than the expected Debye frequency (~1013 s-1). In the
literature [16,17] it is suggested that low frequency factors mean that
clusters of atoms are involved during chemical ordering, vibrating
collectively.

Equation (5.4) can be replaced by

0.5
E0= RTeff { - T + ln(th) } (55)
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figure 5.6 The isotherms of figure 5.5, now plotted versus the
activation energy calculated with eq. (5.5).

According to equation (5.5) the isotherms at 550 K should coincide
when they are plotted versus the activation energy E,. Figure 5.6 shows
the coincidence of the isotherms on an energy scale.

The findings about the slowing down of the ordering kinetics were
verified by electrical resistivity measurements. The measurements were
performed at the annealing temperature with the set-up presented in
section 3.3.

In figure 5.7 the isothermal change of the electrical resistivity,
corrected for changes due to the annihilation of free volume as described
previously in chapter 4, is plotted. After preannealing at 600 K (250
seconds) the temperature was subsequently changed to 550 K (2), 600 K
(3), 550 K (4) and 600 K (5). The change of the resistivity is ascribed to
changes in chemical order. An increase in chemical order, due to a
decrease in temperature, results in a decrease in electrical resistivity.

In figure 5.7 a slowing down of CSRO kinetics can be observed
because the isotherms shift to longer times due to the annihilation of
defects during the previous anneal.

In figure 5.8.a and 5.8.b the observed change of the electrical
resistivity is replotted on a modified time scale c4.t where in figure 5.8.a
cq = C; is assumed and in figure 5.8.b ¢4 =+/c; . It is seen that only in the
latter case the required coincidence of the curves is obtained, confirming
the relation ¢4 = v ¢y
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figure 5.7 Isothermal changes of the electrical resistance in
Fe,oNisoByg during subsequently annealing at 550 K (2),
600 K (3), 550 K (4) and 600 K (5) after a preanneal at
600 K (not shown). The free volume contribution has been

subtracted.
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figure 5.8  The isotherms of figure 5.8, now plotted on the modified
time scale t.c; (a) and t'c; (b).
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From the above presented results for both Young's modulus and
electrical resistivity it can be concluded that diffusion defects and flow
defects are not identical. It was found that the concentration of the two
types of defects are related by c4 « ¢y

5.2.1.b Stress induced ordering

When a stress is applied to a metallic glass specimen, after an
instantaneous elastic strain a time dependent strain is observed. When
this strain is proportional to the stress and reversible, it is called
anelastic. In figure 5.9 this process is shown by a schematic picture. The
initial part of the curve, before the strain becomes entirely plastic, is
due to the anelastic relaxation whereas the instantaneous strain is
elastic. The linear part is due to creep. The reversibility of both the
elastic and anelastic strain is shown by the final part of figure 5.9,
where a schematic curve is given when the stress is removed at t = t,.

ty —t

figure 5.9 Schematic deformation curve showing the elastic, anelastic
and plastic components of the strain ¢ after loading att = 0
and unloading at t = t;.

The anelastic strain is caused by the fact that the atoms move to
new, stress dependent equilibrium positions. This is assumed to be a
diffusion process. If the migrating atoms make use of defects to move
from one position to another, it is expected that the kinetics of stress
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figure 5.10 Anelastic strain in FeyoNisoBog during annealing at 578 K,
plotted as a function of time t (a), t.c;(b) and tVcy (c).
The data are obtained from ref. [18].
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induced ordering slows down when the concentration of defects
decreases.

Leusink and van den Beukel [18] have reported anelastic relaxation
experiments in amorphous Fe,oNisgBso. They have studied the ordering
kinetics during subsequent loading and unloading under isothermal
conditions at temperatures between 550 and 600 K. They have concluded
that the ordering kinetics slows down proportionally to c¢;.

However, it turns out that the rather inaccurate elastic strain
determination of Leusink et al. influences their conclusions. In their case
it was impossible to observe the instantaneous elastic strain directly,
because the first datapoint after applying or removing a stress was
obtained after 60 seconds. During these 60 seconds not only the elastic
strain but also a part of the anelastic strain evolves. Therefore, in order
to correct the observed strain for the elastic contribution, they assumed
the elastic strain to change linearly with the temperature and calculated
it from a direct measurement of the elastic strain at 313 K.

The inaccuracy of the elastic strain was estimated at 50 ppm, and
therefore they admitted a shift of + 50 ppm along the strain axis to make
the isotherms coincide. This latter assumption is very important for the
final results, as can be seen in figure 5.10.

In figure 5.10 one of the experiments, presented by Leusink et al. [18]
and named in their paper as C, is reanalysed, not allowing the isotherms
to be shifted along the strain axis. In figure 5.10.a the measured
anelastic strain is plotted versus time. The curves measured during
loading are multiplied with -1. When the data of figure 5.10.a are plotted
on the modified time scale t.cq, where cy4 = ¢; (figure 5.10.b) or ¢y =~/c;
(figure 5.10.c), it seems that the latter is the best approximation; nearly
all curves coincide, only (2) and (3) fail to do so. This conclusion could
not be drawn from all the experimental curves of Leusink et al.. In some
cases this test proved indecisive.

In order to obtain more evidence for one of the relations between ¢4
and ¢, new experiments were performed. A description of the set-up is
given in section 3.4. The difference with the set-up used by Leusink et al.
is that two Keithley 195A multimeters were used for the registration of
the in- and output of the Linear Variable Displacement Transducer
(LVDT). With this new set-up, fast sampling is possible. This possibility
was used to collect 275 data points during the first 50 seconds. Applying
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or removing the stress took only a few seconds. In figure 5.11 a typical
result is given for the first 60 seconds in an unloading experiment.
Extrapolation of the data points leads to a value of -1810 +20 ppm for
the elastic strain, an important improvement.

-1700
¢ [ppm]

-1800

-1900

o 20 40 60
time [s]

figure 5.11 Typical behaviour of the strain in FesoNisgBog during the
first 60 seconds after removal of the stress.

During a loading experiment an important part of the observed length
changes is due to creep (about 1000 ppm). The isotherms were corrected
for creep but it is reasonable that these large corrections enhance the
inaccuracy (about 100 ppm instead of 50 ppm). For the 3.2 MPa isotherms
the creep contribution is limited to 20 ppm. This means that the accuracy
in €44 is 120 and 70 ppm for the loading and unloading isotherms,
respectively.

In figure 5.12 the isothermal change of the anelastic strain is
plotted during loading and unloading experiments at 578 K. After an
unloaded preanneal at 578 K, which is sufficient to obtain CSRO
equilibrium, the applied stress was cycled between 161.5 MPa and 3.2
MPa (resp. even and odd numbers). The isotherms were corrected for
length changes due to creep, the annihilation of flow defects (for both
see ref. [18]) and the elastic strain.

In table 5.3 the experimental details of the series of figure 5.12 are
given. In this table the applied stress o, the annealing time and
temperature, the reduced free volume at the beginning of each cycle and
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the observed elastic strain are given. The change in g, due to changes in
Young's modulus is too small (2%) to be observed.
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figure 5.12 Isothermal changes of the anelastic strain in Fe,oNizoBog

due to cycling the applied stress between 161.5 MPa (even
numbers) and 3.2 MPa (odd numbers).

TABLE 5.3

Experimental details of the anelastic strain experiment

number| treatment T [K] t [s] o [MPa] X £q [ppm]
1 preanneal 578 1200 3.2 0.07435
2 loaded 578 3000 161.5 0.07147 1810
3 unloaded 578 6000 3.2 0.06799 | -1820
4 loaded 578 | 12000 161.5 0.06488 1810
5 unloaded 578 | 24000 3.2 0.06207 | -1840
6 loaded 578 | 50400 161.5 0.05950 1810
7 unloaded 578 1252000 3.2 0.05705 | -1780

As predicted, the kinetics of ordering indeed slows down. This is

visible in figure 5.12, where each isotherm is, with respect to the forgoing

one, shifted along the time axis in the positive direction. This is in

qualitative agreement with the experiments presented by Leusink et al. [18].

As pointed out earlier, a more quantitative test can be carried out by
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plotting the anelastic strain versus c4-t. This has been done in figure 5.13,

where ¢4 = ¢ (figure 5.13.a) and ¢4 = V¢; (figure 5.13.b) are tried. It is
demonstrated that only in the latter case the curves coincide within the
experimental error.
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figure 5.13 The anelastic strain data from figure 5.13, now plotted on
the modified time scale t.c; (a) and tv¢; (b).

PdNiP metallic glasses are known to be relatively stable [19]. It is
possible to attain equilibrium during annealing at temperatures close to
the glass transition temperature for both CSRO and TSRO. Therefore,
reversible behaviour for both CSRO and TSRO has been reported for these
metallic glasses (see chapter 6).
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The equilibrium state in amorphous PdNIP is characterised by an
amount of reduced free volume x,. In the free volume theory it is
suggested that x, can be expressed by x,= (T-T4)/B [20,21], where B and
Ty are constants. From an analysis of our PdNiP data B = 6600 K and
To= 355 K were found (see chapter 6).

In this section v2 experiments will be presented to investigate the
change in ordering kinetics due to changes in the amount of free volume
in PdNiP. The as quenched samples were first equilibrated at 555 K (1),
about 30 K below the glass transition temperature. Then the temperature
was changed to 475 K (2) and the sample was annealed for a time
sufficiently long to obtain equilibrium chemical order. Subsequently the
sample was equilibrated at 575 K (3), which means that free volume will
be produced. After attaining equilibrium at 575 K, the sample was again
annealed at 475 K (4). During the whole experiment Young's modulus was
measured as a function of the annealing time, as presented in figure 5.14.
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figure 5.14 Isothermal change of v2 in PdsoNisoP»o during subsequently
annealing at 555 K (00), 475 K (+), 575 K (0) and 475 K (A).

All isotherms, with the exception of (3), show an increase in v2, due
to chemical ordering and free volume annihilation. Isotherm (3) shows an
decrease due to chemical disordering and the production of free volume.
The solid lines in this figure describe the calculated effect of
annihilation or production of free volume during the annealing treatments.
The parameters used for these calculations will be presented in chapter 6.

87



figure 5.15

DIFFUSION AND FLOW DEFECTS

12
a
o
£ NS 4 R
ry +
4 a Tt
o8 A 4 + 2
a + F
AA + 7
A +
Q4 F A +
s +7F
+
.
oo . " - .
1 10 102 103 10% 105 106
time (s)
12
b
f S 3 4
4 A,A +
o8 a
A +
8t 2
.
R
4
o4 4
_“"
.
.
00 " . " " .
1077 107¢ 1073 1074 103 1072 107!
t\/ct [s]

Fractional isothermal change of v2, after subtracting the
contribution due to free volume annihilation, during
annealing at 475 K. The symbols (+) and (A) represent curve
2 and 4 of figure 5.14.

From the observed change in v2 the CSRO contribution can be
isolated, as described previously for Fe,yNisoBsoe. Because of the
different state of chemical order after the equilibration anneal, resp. at
555 K and 575 K, the change in v2 due to chemical ordering is different
for the two isotherms at 475 K. In figure 5.15.a the fractional change in
v2 is plotted versus the logarithm of time. It is clear that the fractional
change of the modulus increases more rapidly, which means that ordering
goes faster for the sample equilibrated at 575 K than for the samples,
equilibrated at 555 K. This is due to the larger amount of free volume
than in the 555 K sample. A remarkable difference with the
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measurements on Fe,oNiygBog is that isotherm 4 in figure 5.15 was
measured after isctherm 2. The faster kinetics of isotherm 4 indicate
that indeed the amount of free volume has increased during the series of
annealing treatments.

In figure 5.15.b the isotherms of figure 5.15.a are replotted on the
modified time scale t-cy, where c4 = v/ cs. Again this indicates that
Cq =< \/? Therefore, this result is in agreement with the data on
FesgNisgBog discussed in section 5.2.1.

5.2.3 Scaling diffusion coefficient and viscosity

The behaviour of the diffusion coefficient D and the viscosity 7
during structural relaxation has been recently analysed by van den Beukel
[13,22] in order to verify the validity of the Stokes-Einstein relation. The
main results are summarized in this section.

Recently Horvath and Mehrer [23] presented very accurate
measurements of 59Fe tracer diffusion in FeyoNisgB,g. During isothermal
annealing they observed a continuous decrease of D due to structural
relaxation. The reported error for the diffusion coefficient was 5%.

The most complete set of isothermal data reported were taken at
593 K. The data are given in table 5.4. Because the presented diffusion
data are time averaged diffusion coefficients, t,/2 is used for the time
scale, with t, the annealing time. In the same table the calculated value
of n at 593 K, derived from viscosity measurements reported by van den
Beukel et al. [12], is given. The estimated error for these viscosity values
is about 5%.

For the viscosity and the diffusion coefficient the free volume
theory [1] yields expressions of the form m < (ciki)! and D = cy4ky where
ki exp(-E{/RT) and kq >« exp(-E4/RT). If the relation c4 = ¢; holds, it
should be found that nD is constant at constant temperature. If, like
suggested in previous sections, ¢4 = /¢, ND2 should be constant.
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TABLE 5.4

Diffusion [23] and viscosity [12] data and the calculated nD and nD2.

ta/ 2 D n nD nD2
[s] [10-22m2s-1]] [10'4Nsm-2] [10-8N] [10-30Nm2s-1]
1800 19.6 0.47 9.3 180.5
3600 14.0 0.90 12.6 176.4
7200 10.2 1.75 17.9 182.0
14400 7.3 3.46 25.2 184 .4
27000 5.3 6.44 34.1 180.9
0.40 ot 200 p?
no et . = (10739 Nm2s-1]
[1076 N)
020 | 7D 41150
]
0.00 > * 100 ‘
[¢] 10 20 30 :

time [103s] \

figure 5.16 nD and nD?2 for Fe,oNisoBog during annealing at 593 K, as a
function of the annealing time.

In table 5.4 both products nD and nD2 at 593 K, as presented by van
den Beukel [13], are given. In figure 5.16 nD and nD2 are both plotted
versus the annealing time. Both table 5.4 and figure 5.16 show that nD
increases by a factor 3.5 during the annealing whereas nD2 remains,
within the experimental accuracy, constant. This means that the Stokes-
Einstein relation does not hold, but that

nD2= constant. (5.6)
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This is in agreement with our data on anelastic strain and changes in the
electrical resistance and Young's modulus during chemical ordering, as
discussed in the sections 5.2.1 and 5.2.2, which also strongly point to the
relation cg e V¢

These findings can be further verified on the diffusion data of
Horvath and Mehrer at other temperatures. Since the free volume theory
provides the time dependency of D during structural relaxation, it is
possible to derive an analytical equation for the mean diffusion
coefficient D(0,t,) between t=0 and t=t,:

tu
jD(tydt
= 0

D(0,t;) = ——F

T (5.7)

D(t) can be derived from equation (2.7), D < cgky, with kg = exp (-E4/RT),
and the expression cg4 e /¢y This yields

DgVcieexp(-E4/RT)

D(t)= ' 5.8
M V{1+Cyciot exp(-E¢/RT)} (58)
where Dy is a constant. Then D(0,t,) is given by
- 2A,
D(0,t,)= o {V1+at, -1}, (5.9)
a

where Ay = Dy Vcioexp(-E4/RT) and « = Cycqy exp(-E/RT). This equation is
exact, contrary to the approximated equation

D(0.t,) = —\/%OL_T (5.10)

used by van den Beukel [13]. Fitting equation (5.9) to two sets of
isothermal diffusion data (593 and 613 K, without preannealing) yields
Do = 40585 m?s-1. Now the mean diffusion coefficient after every
isothermal annealing treatment can be calculated for which E4 = E; is
assumed. The results are plotted in figure 5.17. The calculated diffusion
coefficients are presented by solid lines in the case of more than one
point at one temperature, or by a symbol (+). The difference is about 10%
on the average and in view of the accuracy of the diffusion measurements,
this can be considered satisfactory.
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figure 5.17 The diffusion coefficient in Fe,oNisoBoo during isothermal
annealing at several temperatures. (O) represents the data
given in [23], the lines and (+) represent the diffusion
coefficient, calculated with eq. (5.9).

5.3 Discussion

From the above presented results it can be concluded that diffusion
is controlled by diffusion defects, the concentration of which is related
to the concentration of flow defects by c4 = v c. This means that
diffusion defects differ from flow defects but their concentrations are
related. The concentration of flow defects for as quenched Fe4oNisgBsg
samples is 1.7 10-6. The relation between the concentration of both types
of defects gives rise to the idea that also the kinetics of annihilation of
both defects must be comparable. The second order kinetics for ¢; implies
third order kinetics for cy4.

An interesting question is: what makes a defect a flow or diffusion
defect? The relation between flow and diffusion defect concentrations
suggests that they are closely related. A simple picture for diffusion
defects and flow defects might be that the critical free volume needed
for diffusion is smaller than that for flow and that, for instance, a
cluster of diffusion defects makes a flow defect.

Defects in amorphous materials have also been a subject of computer
physicists. Srolovitz et al. [24] constructed a computer model of an
amorphous pure metal and they defined defects as regions in which the
stress and symmetry parameter deviates significantly from its average
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value. Two types of defects could be classified: (i) positive (p-type
defects) and negative (n-type defects) local density fluctuations
(fluctuations from the average density of + 10% were found); and (ii)
regions of high shear stresses and deviations from spherical symmetry
(t-type defects). Defects of pairs of p-type and n-type defects separated
by regions of large shear stresses were also common. About 5% of the
atoms in the model contributed to p- and n-type defects, divided equally
for both types, and 6% of the atoms satisfied the conditions for t-type
defects.

It is tempting to identify the diffusion resp. flow defects with the p
and n resp. t defects. Both p and n defects act as diffusion defects and
when the concentrations of both defects are equal, c,=c,=1/2 c4. The
probability of finding a p-n pair is then proportional to CpCh o= cd If rr;ost
of the © defects are related to a p-n pair, the concentration ¢ = C;e Cy.

The change in defect concentration during structural relaxation can
be caused by a recombination of p- and n-type defects. During this
recombination also the concentration of t© defects decreases. However, in
this picture the second order kinetics of flow defect annihilation is not
clear.

Another problem in this interpretation is the concentration of
defects, which was found to be much larger than is expected from our
analysis. This can be due to the definition of the defects, used by the
Srolovitz et al..

Recently Limoge and Brebec [26] presented the 'Diffusional Creep'
mode! to describe atomic migration in amorphous materials. The
presented mechanism is comparable to Nabarro-Herring [27,28] or Coble
[29] creep in crystalline materials. The authors postulate the existence
of local highly ordered non-crystalline 'grains' of size d, which grow in
time according to d2=dg(1+1<t), where dg is the initial 'grain size' and x is
a constant ('grain-boundary’ mobility). The viscosity is then given by

kTd=
= BD, (5.11)

where § is a8 constant (related to the number of nearest neighbours) and
Dgst = Dy + ang with Dy, and Dy, resp. the volume and grain boundary
diffusion coefficient and § the width of the grain boundary (~5 A).

The presented model describes the change of the diffusion
coefficient during annealing well. For small grains the diffusion
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coefficient will change by the changing contribution of Dgb- At large
values of d the diffusion coefficient will saturate to D,,, and become
constant, as observed in the experiments. In the free volume theory the
latter phenomenon is ignored because a constant diffusion coefficient is
observed after long annealing times where crystallisation possibly
influences the results.

The behaviour of the viscosity can also be described by this model. A
linear increase with time is found for large grains. It also explains the
change in activation energy for viscosity from 250 to 304 kJ/mole as
observed in isoconfigurational experiments. For very small grains the
viscosity is inversely proportional to Dgb, the activation energy of which
is assumed to be 250 kJ/mole. For large grains the viscosity mainly
depends on D,,, with an assumed activation energy of 304 kJ/mole. The
behaviour of 1 versus 1/T for large grains can also be described by this
model when the activation energy for grain growth is the same as the one
for Dgp.

This diffusional creep model has also some negative marks. Van den
Beukel et al. [12] have reported isoconfigurational viscosity changes in
FeqoNisoBoo. These viscosities can be used to calculate the grain sizes
during each isoconfigurational run. This has been performed, using
equation (5.8) to calculate the diffusion coefficient in eq. (5.11). The
kinetics of grain growth can thus be obtained for the isothermal runs
between the isoconfigurational cycles, resulting in an activation energy
for grain growth of 75 kJ/mole instead of the 250 kJ/mole predicted by
the model.

Further, the activation energy for diffusion of Fe in amorphous
Fe4oNisoBoo was observed to be 231 kJ/mole [23] and not 304 kJ/mole
suggested for the activation energy of D, for large grains.

For small grains, a non-linear dependence of time for the viscosity
is expected from formula (5.11). In that case n ~ d3 ~ (1 + «t)32. This is
not observed in the experiments.

Limoge et al. suggest in their paper that Dy for Fe4oNisoBog is given
by Horvath and Mehrer [23]. This means that when 0D, as given in table
5.4, is plotted versus the annealing time, a straight line should be
observed, because d2 is linear with time. In figure 5.16 it is shown that
this is not the case.

A fundamental question in the 'Diffusional Creep’ model is what is
meant by a "grain” in the amorphous structure. In another paper [30],
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Limoge et al. have suggested that grains in amorphous materials should
be considered as ordered non-crystalline regions and the zones between
these regions behave like grain boundaries in crystals. An alternative
possibility, as reported for instance by Piller and Haasen [31], is phase
separation in the amorphous structure. These precipitates could act as
"grains".

5.4 Conclusions

In this chapter it is shown that the kinetics of ordering, which is a
diffusion process, slows down when the concentration of flow defects c¢;
decreases. The rate of chemical ordering and stress induced ordering is
controlled by diffusion defects, the concentration of which, ¢y, is
proportional to \/_c_f.~ It is demonstrated that diffusion and viscosity scale
as nD2 = constant at constant temperature, which is in agreement with
the relation between the concentration of diffusion defects and flow
defects.
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CHAPTER 6

STRUCTURAL RELAXATION IN AMORPHOUS Pd4oNisoP,0

6.1 Introduction

Due to the very fast cooling during the production process metallic
glasses are normally very far from the metastable equilibrium state
(chapter 2). During annealing at temperatures at which the atomic
mobility is fast enough, the glass will relax towards equilibrium.
However, in most of the metallic glasses crystallisation interferes
with this relaxation process before equilibrium is reached.

A criterion for the stability of the metallic glasses is the
difference between the glass transition temperature (Tg) and melting
temperature (T,) [1]. A large difference between these two
temperatures means that the metallic glass is relatively stable and has
the possibility to reach equilibrium.

At the moment one group of metallic glasses is known for which it
is possible to reach the equilibrium glassy state before the metallic
glass crystallises. This group contains alloys in which paladium is the
main element. For these alloys the difference between Tg and the
crystallisation temperature T, during a linear heating experiment is
often over 40 K [2], demonstrating the resistance against
crystaliisation.

In the past few years viscosity measurements on Pd;; 5CugSiig s [3]
and Pd4oNisoP19Siy [4] metallic glasses near the glass transition
temperature have been reported. The results for both alloys could be
interpreted by the assumption that equilibrium was reached. The most
convincing experiments have been reported by Volkert and Spaepen [4].
They have measured the viscosity in PdsgNisgP14Siy during annealing at
573 K after preannealing at resp. 563 K and 593 K. The reported glass
transition temperature for this metailic glass was 575 K. Their results
are plotted in figure 6.1, in which also the viscosity for an as quenched
sample is given. In this figure it is clearly demonstrated that a constant
viscosity for all samples was reached after about 6 hours annealing,
which means that the metallic glass remained in equilibrium at 573 K
for at least 4 hours.
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figure 6.1 Change of the viscosity of Pd4oNisoP14Siy during annealing
at 573 K for (a) a sample equilibrated at 563 K, (b) a
sample equilibrated at 593 K and (c) an as quenched
sample [4].

In this chapter structural relaxation data on amorphous
Pd4oNisoP20. Obtained by Young's modulus measurements, will be
presented. The results will be analysed in terms of the mixed model
presented in chapter 2. The stability of the metallic glass used for this
study is demonstrated in figure 6.2. In this figure the change of the
internal energy, as measured by DSC, is shown. The difference between
Tg and T, is about 40 K, which suggests a strong resistance against
crystallisation.

6.2 Kinetics of defect annihilation and production
In previous work on FeyoNisoBsg, €.g. [5], as summarised in chapter
2, it was demonstrated that structural relaxation can be separated into

two processes. One of these processes is the annihilation of flow
defects.
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figure 6.2  DSC experiment for a PdygNisgP,o metallic glass. The
heating rate was 20 K/min.

In the free volume model the viscosity n is related to the
concentration of flow defects ¢ by n « (cik¢)-1, with ks a temperature
dependent rate constant. Since the viscosity for an as quenched metallic
glass increases linearly with time during annealing if the glass is far
from equilibrium, the kinetics of flow defect annihilation is given by a
second order rate equation:

dCf 2
o= kol (2.6)

In this equation ¢; = exp(-1/x), where x is the reduced free volume, and
ks is a constant (= Coexp(-E¢/RT), where C, is a constant and E; is the
activation energy for flow defect annihilation).

Eq. (2.6) says that for very long annealing times c¢; will become
zero. However, since the system in equilibrium has a finite viscosity
Neq, the concentration of flow defects must reach an equilibrium value
not equal to zero. Therefore eq. (2.6) should be changed in order to
account for the equilibrium concentration C,eq-

Previously it was found that the equilibrium viscosity, Neq, depends
on the annealing temperature [4]. Fulcher [6] and Vogel [7] have
empirically established that the temperature dependence of the
equilibrium viscosity can be described by

B
Neq = Mo €xpP( T, ), (2.9)
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where 1o, B and T, are constants. Interpretation of equilibrium
viscosity in terms of the equilibrium concentration of flow defects
results in

B
Cfeq = exp(- T_To)- (2.10)

The change in concentration of flow defects can be considered as a
competition between production and annihilation. The annihilation of
flow defects can be established experimentally far from equilibrium,
which led to the second order kinetics of eq. (2.6). The production, on
the other hand, has never been measured far from equilibrium, which
leaves several possibilities for the overall equation for dcy/dt. We will
now discuss three of these possibilities.

If production occurs at random positions in the amorphous material
the rate of change of the concentration of flow defects is given by

Q.

S kie? 4k P 1
dt='fo+p, (6)

where P is a constant and k, is the rate constant for production. When
equilibrium is attained the net change in ¢ is zero, and ¢; equals Cteq-
which leads to

dc
It = K(ef Che)- (6.2)

The dependence of ¢; on the annealing time then becomes, with Cio iS G
at t=0:

Ct.0+Ct eqt(C1.0-Cteq) €XP(-2C¢ ookit),
C1,0+C1,0q7(C1,07Ct,eq) XP(-2C¢ g qkit)”’

Cf(t) = Cf,eq{ (6.3)

if ¢to is larger than Cfeq, and

Cf,eq'cf‘O'(Cf.0+cf.eq)eXp(ch.eqkft). (6.4)

Ccit) = -C
f® f.eq Cf.eq'cf,0+(Cf,0+cf,eq)eXp(2Cf,eqkft)I

if ¢t is smaller than ¢ oq.
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Another possibility is that the production of flow defects occurs at
flow defects, in which case the rate of change of the flow defect
concentration is described by

dcy 2
aqt = -kiCy +KpCiS. (6.5)

In this case S is equal to (ki/kp)Ceq, @S can be derived under the same
conditions as previously for P, and

dCf
—dT = —ka1 (Cf - Cf,eq)' (6-6)

This means that

CieqCto0
Ci 0-(Ct,07Cteq) €XP(-Cs eqkit)’

cilt) = (6.7)

Tsao and Spaepen [3] described an annihilation and production
mechanism in which the number of sites at which annihilation or
production of flow defects occurs, depends on the excess number of
defects, (cf- Cteq). The rate equation for annihilation or production of
flow defects is then given by

dCf

-ﬁ = 'kf |Cf - Cf,eq‘ (Cf - Cf,eq) (6'8)
or
Cig-C
Ci = Cfeq + L0 _—tf.eq (6.9)

T+ [Cfo - Cieql Kit’

The above presented equations will be used to describe the part of
the structural relaxation due to changes in the flow defect
concentration in amorphous Pd4gNisgP2g. The first aim is to describe
structural relaxation in Pd,oNisgP,o by the mixed model of chapter 2.
Moreover, it will be tried to discriminate between the three presented
equations that describe the annihilation and production of flow defects.

Tsao and Spaepen [3] and Volkert and Spaepen [4] have tried to
describe the effect of the concentration of flow defects on the
viscosity for Pd;; sCugSiyg s and PdygNiggP19Siy metallic glasses,
respectively. Tsao and Spaepen [3] concluded that the annihilation of
flow defects can be rather well described with eq. (6.8). The production
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of flow defects could be described with the same equation. However,
they also used the unimoleculair equation, dci/dt = -k(cy - Cfeq)s 1o fit
the data. They concluded that the best fit of the production data was
obtained with this latter equation. The quality of the fit to equation
(6.6) was intermediate between that of the other two equations.
Therefore, they concluded that it is unlikely that fitting all data sets to
equation (6.6) yields significant new information.

6.3 Experimental results
6.3.1 As quenched samples

Young's modulus measurements were performed with the pulse-
echo method. In this method the longitudinal wave velocity v is
measured, which is related to Young's modulus by E = pv2 and p is the
density. A description of the set-up is given in section 3.2.

The as quenched v2 for Pd,NisoP,o was observed to be about 10.1
106 m2s-2. If the reported density p for PdygNisoPoo is used (9400 kgm-3)
[8,9], Young's modulus will be about 95 GPa. This is in reasonable
agreement with the reported modulus for this metallic glass (98.1 GPa)
[10].

In figure 6.3 the isothermal change in v2 is plotted versus the
annealing time for several annealing temperatures between 400 K and
575 K. In figure 6.3.a the low temperature isotherms are plotted. In all
isotherms a continuous increase in v2 is observed, due to both Chemical
Short Range Ordering (CSRO) and Topological Short Range Ordering
(TSRO). For the high temperature isotherms, as plotted in figure 6.3.b,
Av2 becomes constant for the isotherms close to T4 (585 K), indicating
that metastable equilibrium is attained. These equilibria depend on the
annealing temperature.

In the isotherms in figure 6.3 no indication for a transition
between CSRO and TSRO could be observed. In order to obtain
information about the transition point between CSRO and TSRO, cycling
experiments at lower annealing temperatures were performed to study
reversible CSRO. After preannealing at 450 K during a time t. the
temperature was changed to 480 K and the change in v2 was measured.
In figure 6.4 Av2 is plotted versus the annealing time for several values
of t,. For all samples v2 decreases due to chemical disordering through
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figure 6.3 Change of Young's modulus (represented by changes in v2)
for the as quenched samples during isothermal annealing
at temperatures between (a) 400 K and 500 K, and (b) 525
K and 575 K.

processes that are fast enough to establish complete ordering during
the preanneal. At longer times v2 starts to increase due to chemical
ordering of the slower processes and subsequent annihilation of free
volume.

If the preannealing time is sufficiently long to attain equilibrium
chemical order, the minimum value of Av2 will not change if a larger ty
is chosen. In figure 6.5 the minimum values of Av2 from figure 6.4 are
plotted versus the preannealing time. It is shown that Av2 becomes
constant after about 40000 seconds at 450 K. This means that after
this annealing time CSRO is completed at 450 K.

From these experiments we have decided to fit the free volume
effect on v2 for the high temperature isotherms (525 K - 575 K).
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figure 6.4 Change of Young's modulus during isothermal annealing at
480 K after preannealing at 450 K during 1380 s. (O),
104 s. (+), 2 104 s. (0), 4 104 s. (A), 105 s. (0) and 2.5 105 s.
(V). For the solid and dashed line: see the text.
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figure 6.5 The Av2 values of the minima in figure 6.4 plotted versus
the preannealing time.

According to the time needed for complete order at 480 K and 450 K
(1000 and 40000 seconds, respectively) CSRO will be completed within
10 seconds at these higher temperatures.
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The equations (6.3), (6.7) and (6.9) in combination with (2.10) were
fitted to the isotherms presented in figure 6.3.b. A least squares
method was used to find the parameters E;, Cq, xo, B and T4, describing
the TSRO part of the isotherms. It was assumed that Av2 = AgAx [5] and
Ag is a constant. For these fits the change in v2 due to CSRO between the
as quenched and equilibrium ordered state for each annealing
temperature was taken as:

2 1 1
AVespo= A (T - 7)), (6.10)

where A is a constant and T; is called the fictive temperature,
representing the CSRO state of the as quenched specimen.

For the fits with the equations (6.7) and (6.9) the values of Cg, B
and T, were taken from Duine [11] from viscosity data in the same
glass. For the fit with eq. (6.3) all parameters were varied. The
parameters obtained from the fit are given in table 6.1. In this same
table the parameter for goodness of fit, D2/(N-m), is also given. N is the
number of data points, m is the number of fit parameters and D2 is given

by
(yi-y(xi;as... am))?
D2 = E G; (6.11)

where vy; is the ith data point, ¢;2 is the variance in the ith data point and
y(xi;as....ay) is the value according to the fit, with a, the kth fit
parameter. For a perfect fit the expectation value for D2/(N-m) equals
1. Eq. (6.9) yields the best fit, which is in accordance with Duine's
viscosity data, analysed with egs. (6.7) and (6.9) [11] and with eq. (6.3)
[12]. However, the difference between the three equations is rather
small, which does not allow an unambiguous discrimination between the
equations.
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Change of Young's modulus for as quenched samples during
isothermal annealing between 525 K and 575 K. The solid
lines represents model calculations, using (a) eq. (6.3), (b)
eq. (6.7) and (c) eq. (6.9) and the corresponding

parameters from table 6.1.
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TABLE 6.1

Parameters obtained from the fits of the free volume annihilation
equations to the high temperature isotherms of figure 6.3.b.

D2
. A —
eq A Tf B TO Ef Co Xo E N-m
108 K K K | kJ/mole s 108
Km?s-2 m2s-2

6.3 |689 |587 |6354 (376 157 | 2.44 1028 |0.0384 |-64.55(1.63
6.7 |689 |608 [6600 |355| 158 | 3.41 1025 |0.0407 |-58.47(1.47
6.9 |689 | 620 (6267 |361 169 | 1.83 1026 [0.0415(-56.62]0.93

The value for A in eq. (6.10) is obtained from a cycling experiment
which will be described in section 6.3.3 (figure 6.12). In this cycling
experiment the temperature has been cycled over a wide range of
temperatures (100 K). For one isotherm (isotherm 6) an initial decrease
in v2 has been measured, due to disordering, whereafter v2 increases
due to free volume annihilation. The minimum observed in this
experiment gives rise to A = 689 106 Km2/s2,

The constant A can also be obtained from cycling experiments like
the one presented in figure 6.4. From the minimum in Av2 a value for A
can be obtained using the preannealing temperature for Ty. For the
experiments in figure 6.4 a value for A of about 500 108 Km&2/s2 is
obtained.

This observation means that the minimum in Av2 observed in figure
6.4 is too small. This can be explained by the idea that TSRO starts
before CSRO is completed, resulting in a smaller effect in Av2. In figure
6.4, the solid and the dashed line represent the calculated change in
free volume for the sample preannealed during 40000 seconds,
calculated with eq. (6.9). These lines start at a level determined by eq.
(6.10) and the values 500 108 Km2/s2 and 689 1065 Km2/s2 for the solid
and the dashed line, respectively. It is shown that the data points are
between these two lines and both lines describe the data equally well.

In figure 6.6 the results of the fits are shown. In these figures the
solid lines represent the change in v2 due to annihilation of flow
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defects, calculated with eq. (6.3) (a), (6.7) (b) and (6.9) (¢) and the
corresponding parameters from table 6.1.

The parameters obtained from the fit were used to describe also
the low temperature isotherms. In figure 6.7.a the low temperature
isotherms of figure 6.3.a are plotted with the calculated solid lines
resulting from eq. (6.9) and the corresponding parameters from table
6.1.

It turns out that the changes in v2, calculated with the parameters
from table 6.1, are too large. This can be explained by the suggestion
that the fictive temperature for CSRO or the frozen in free volume for
these samples differs from those for the high temperature samples. The
samples for the low temperature isotherms were taken from another
part of the ribbon than the high temperature samples. Consequently, the
frozen-in configuration might not be the same due to e.g. changes in the
cooling rate. Effects of this kind have been reported in the literature.
For instance, recently, the magnetic properties in an amorphous Co-
based ribbon were found to vary along the first 80-100 meter [13]
possibly due to variations in the cooling conditions during the first
seconds of the quenching, resulting in a change of the frozen-in free
volume or the fictive temperature.

For the analysis presented in this chapter the fictive temperature
was kept constant and x5 was adapted to the data points. We will come
back to this choice in the discussion. The xy values used for the dashed
lines in figure 6.7.a were 0.0405 (500 K and 475 K) and 0.0395 (450 K).
The dashed line for the 450 K isotherm fits the data after about 40000
seconds, in accordance with the cycling experiments of figure 6.4.

In figure 6.7.b and 6.7.c a similar procedure was followed for eq.
(6.3) and {6.7), respectively. The new x, values for eq. (6.3) were 0.0375
for the isotherms at 500 K and 475 K and 0.036 for the isotherms at
450 K, for eq. (6.7) the new x, values were 0.0395 and 0.038
respectively.

In order to test the reproducibility of the samples, a sample was
taken from the part of the ribbon from which the low temperature
samples had been taken, and measured at 575 K. In figure 6.8 the
resulting isotherm (2) is shown together with the 575 K isotherm (1) of
figure 6.3. The solid lines were calculated with eq. (6.9) and the
parameters of table 6.1, but x5 values of 0.0400 and 0.0415,
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It is seen that for a good fit of the new sample indeed a
of xo is required, in agreement with what was found in
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Change of Young's modulus for two as quenched samples
during isothermal annealing at 575 K. The sample for
isotherm 2 is taken from the part of the ribbon where the
low temperature as quenched samples were taken from:
isotherm 1 is the same as in figure 6.3.b. The solid lines
represent model calculations with eq. (6.9).

6.3.2 DSC experiments

In figure 6.2 a DSC experiment was shown where the glass
transition is observed as a small endothermic peak. Recently van den
Beukel and Sietsma [14] have demonstrated that the glass transition can
be described as a free volume related kinetic phenomenon.

During warming up the metallic glass relaxes towards equilibrium;
this means that the free volume continuously decreases, approaching its
equilibrium value. This process results in the production of heat
(exothermic). At a certain temperature the amount of free volume
reaches the equilibrium value. Since the temperature continuously
increases, from this point on the actual amount of free volume is
smaller than the equilibrium value. Now the amount of free volume must
increase towards equilibrium. The observed endothermic peak at the
glass transition temperature is the result of the ever faster kinetics of
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figure 6.9 Change of the internal energy for a PdsoNisoP 5o metallic
glass during a DSC experiment with a heating rate of 20
K/min: (1) an as guenched sample, (2) a sample
preannealed during 3600 seconds at 540 K, and (3) a
sample preannealed during 72000 seconds at 540 K.

production of free volume, until the production can keep up with the
heating rate.

In figure 6.9 three DSC traces are shown, one for an as quenched
sample and two for samples preannealed at 540 K during resp. 3600 and
72000 seconds. The samples were heated until they were completely
crystalline (not shown in figure 6.9). After a first scan the samples
were cooled down to room temperature and warmed up again. Since this
second scan was performed with crystalline samples, no effects were
measured. The second scan was subtracted from the first scan,
correcting the first scan for instrumental effects. Therefore all effects
shown in figure 6.9 are due to changes in the amorphous material. The
endothermic peak at Ty increases strongly when the preannealing time
increases. Furthermore it is found that the maximum of the endothermic
peak (at 593 K for the as quenched sample) shifts to a lower
temperature for the sample with 1,=3600 s (589 K) and back to a higher
temperature for the sample with t,=72000 s (595 K).

Since the nature of the glass transition is known, one can perform
simulations using the free volume model to calculate the glass
transition. Van den Beukel and Sietsma [14] have performed simulation
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experiments to calculate DSC experiments after preannealing. They have
used eq. (6.6), dcy/dt = KiCt(Ci-Ceq), ANd eq. (6.8),

deg/dt = -KilC-C1,0ql(C1-Ct0q), t0 calculate the change in free volume
during a DSC experiment with and without preannealing. They concluded
that only equation (6.6) describes the observed phenomena well. Eqg. (6.8)
shows a continuous decrease of Ty with increasing preannealing time.
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figure 6.10 Simulation of the DSC experiments presented in figure 6.9
with (a) eq. (6.6) and (b) eq. (6.2).

In figure 6.10.a the calculated DSC traces are shown for the
experiments presented in figure 6.9. These traces were calculated with
eq. (6.6) and the corresponding parameters from table 6.1. Although the
agreement is not quantitative, the tendency of the peak shifts after
preannealing is present. Also the temperature values of the maxima are
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reasonable (591 K, 592 K and 596 K for as quenched, preannealed during
3600 seconds and 72000 seconds, respectively).

In figure 6.10.b simulations of the DSC experiments from figure 6.9
with eq. (6.2), dcydt = -kf(cf—c?eq), and the corresponding parameters
from table 6.1 are shown. This figure clearly demonstrates that eq. (6.2)
fails in describing the DSC experiment, because T, decreases
continuously with increasing preannealing time.

Since the glass transition is determined by the production of free
volume, one can conclude from these experiments and simulations that
only eq. (6.6) describes the production of free volume rather well. In
section 6.3 it was concluded that eq. (6.9) gives the best description of
the annihilation of free volume. However, the differences between the
three given equations were small for the v2 measurements.

Since the equations were derived to describe both annihilation and
production of flow defects, we must conclude that eq. (6.6) describes
these two processes. In the following sections only this equation and
the corresponding parameters from table 6.1 will be used.

6.3.3 Cycling experiments

In section 6.3.1 it was shown that metastable equilibrium is
attained at higher temperatures. This equilibrium state of order
depended on the annealing temperature and gave rise to a temperature
dependent change in v2. Since equilibrium was reached for both CSRO
and TSRO, reversible behaviour for both processes is expected during
cycling experiments. [f the temperature is changed to a new
temperature T, after attaining metastable equilibrium at the
preannealing temperature T,, the metallic glass will try to attain a
new, metastable, equilibrium order.

In figure 6.11 the first set of cycling experiments is presented.
After a preanneal at 565 K (1), the temperature was changed to 575 K
(2) and Young's modulus was measured during annealing. After the
preanneal both CSRO and TSRO are in equilibrium at the value
corresponding to a temperature of 565 K. During annealing at 575 K
chemical disordering gives rise to a decrease of v2, which is very fast,
and so does the increase of the amount of free volume, since ¢, at 575
K is larger than ¢ ¢4 at 565 K.
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After attaining equilibrium the temperature was changed to 555 K
(3) and Young's modulus was measured again until equilibrium was
reached. Chemical ordering and flow defect annihilation occured, both
giving rise to an increase in v2.

AvZ  os
{106 m2s-2]
(7.0 4 1

04 |

02 3

00

1 10 102 103 104 105 106
time [s]

figure 6.11 Cycling experiments with a sample equilibrated at 565 K
(1). The sample is subsequently annealed at 575 K (2) and
555 K (3), respectively. The solid lines in this figure are
model calculations with eq. (6.7).

In figure 6.11 the solid lines represent the changes in Av2 due to
changes in Ax as calculated with eq. (6.7) and the corresponding
parameters from table 6.1. The contribution due to CSRO has been
calculated with eq. (6.10), inserting the preceding temperature for T;.
The model equations describe the changes in v2 rather well.

In figure 6.12.a the second set of cycling experiments is presented.
After a first preanneal at 575 K (1), the temperature was cycled
between 565 K (2), 475 K (3), 575 K (4), 475 K (5) and 555 K (6). In a
schematic drawing the change in reduced free volume during these
annealing treatments is given in figure 6.12.b. In this figure it is shown
that both production (4) and annihilation (1,2,3,5,6) of free volume was
studied during this experiment. The solid lines in figure 6.12.a
represent the calculated changes due to free volume changes as
described previously. The agreement with the data points is again
satisfactory.
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figure 6.12 a Cycling experiments with a sample equilibrated at 575 K
(1). The sample is subsequently annealed at 565 K (2),
475 K (3), 575 K (4), 475 K (5) and 555 K (8),
respectively. The solid lines in this figure are model
calculations with eq. (6.7).

b Schematic presentation of the change in reduced free
volume during the cycling experiment presented in figure
6.12.a. The metastable equilibrium is given by the thick
solid line

¢ (next page) Fractional changes in v2 for the pre-TSRO
part of the 475 K isotherms plotted versus the annealing
time.
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In this experiment also the change in orderings kinetics, as
described in chapter 5, was studied. In figure 6.12.a two isotherms at
475 K after preannealing at resp. 565 K (3) and 575 K (5) are plotted.
Plotting the fractional changes in v2, due to CSRO, for the isotherms at
475 K versus the logarithm of time (fig 6.12.c), isotherm (3) is slightly
slower than (5). Inserting B and T, for eq. (6.7) from table 6.1 in eq.
(2.10) yields Vc;o(575 K)/V cio(565 K) = 2. The shift factor between
the two isotherms of figure 6.12.c can unfortunately not be determined
very accurately, mainly because the total contribution of CSRO to
isotherm (5) is not reproduced well by the model calculations (see
figure 6.12.a).

6.3.4 Chemical Short Range Ordering

It was demonstrated in the previous sections that the change in v2
in as quenched Pd,gNisgP5o ascribed to changes in free volume can be
described with eq. (6.6), assuming that Av2 is linear with Ax.

The remaining part of the isotherms is due to Chemical Short Range
Ordering (CSRO). At high temperatures CSRO takes place within 10
seconds, so its kinetics cannot be measured. In figure 6.13 the CSRO
part for the low temperature isotherms (400-500 K) is plotted versus
the annealing time. The isotherms for 425 K and 400 K do not saturate
because annealing during 105 seconds at these temperatures was not
sufficient to reach complete CSRO. The other isotherms do saturate
after a period that depends on the temperature.
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We are now able to study the kinetics of CSRO in more detail. Both
the time range in which CSRO takes place (about 4 decades) and the
occurrence of the cross over effect (fig. 6.4) indicate that CSRO in
PdsoNisoPsog is governed by a spectrum of activation energies, analogous
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figure 6.13 Change in Young's modulus due to CSRO for the low
temperature isotherms, plotted versus the annealing time.
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figure 6.14 Fractional change in Young's modulus due to CSRO, as a
function of time at the temperatures indicated.
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to what was found previously for FesoNisoBsg [15]. In the analysis on
FeaoNisoBog van den Beukel used a box distribution for the activation
energy spectrum (AES), which was a good approximation.
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figure 6.15 Ln(t) versus 1/T for horizontal intersections in figure
6.14 at the values of f indicated.
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figure 6.16 The activation energy E versus the ordered fraction f, as
derived from figure 6.15. The solid line is a least squares
fit.
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In figure 6.14 the CSRO part of the isotherms, presented in figure
6.13, has been replotted on the reduced scale f = AVZ/AV%SRO. The
calculated value for AV(Q;SRO (eq. (6.10)) has been used. Horizontal
intersections in figure 6.14 result in (T,t) data pairs for each fractional
change of v2.

If a fractional change in v2 is connected with a fraction of the AES,
a plot of In(t) versus 1/T for each f should yield a straight line [15],
with slope E(f)/R and intercept -In{vy), with vy a frequency factor. This
has been done for f between 0.2 to 0.9 and the result is shown in figure
6.15. The activation energies and v, obtained from least squares fits are
presented in table 6.2.

TABLE 6.2

Activation energies and frequency factors
derived from figure 6.15.

f vo E(f)
s kd/mole
0.2 3.1 1012 119
0.3 3.1 1013 131
0.4 46 1013 136
0.5 58 1014 149
0.6 47 1014 151
0.7 1.2 1016 166
0.8 1.2 1017 178
0.9 7.5 1017 188

The slope of the lines increases with increasing f, which means
that the activation energy increases when CSRO proceeds. This is
demonstrated in figure 6.16 where the activation energy E(f) is plotted
versus f. E(f) is linear with f, which implies that the AES is block
shaped.

The activation energies lie between 100 and 195 kJ/mole.

Emax = 195 kd/mole is an unexpected result because it is 37 kJ/mole
higher than the activation energy for TSRO. For FeyoNisoBog the
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maximum activation energy for CSRO about equals the activation energy
for TSRO [5].

From table 6.2 it is also observed that v, increases from 1012 to
1078 s-1. This observation agrees with the analysis of structural
relaxation data in amorphous Fe,oNisoBoo [5,15], where also an increase
in vy has been found. Van den Beukel [5,15] suggested, after Berry [16], a
relation between v, and E

Vo = v§ exp(BE/R) (2.22)

where B and vy are constants. If In(v,) is plotted versus E(f) a straight
line is observed, as shown in figure 6.17. A least squares fit results in

B =1.5 103 K-
vo = 1226 s-1.

45

In(vy)
4}

35
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100 120 140 160 180 200
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figure 6.17 The frequency factors v, versus the activation energy as
determined from figure 6.15.

According to the Primak approximation (section 2.2.2), annealing
during a time o at a temperature T, results in ordering of a part of the
spectrum with activation energies lower than E, where E follows from

E-= (2.23)

RT
W%J In(voty).
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If the sample is subsequently annealed at a temperature T, the same
activation energy will be reached after a time

o expe@ BT sy (6.12)

v TPT(1-pT,)
In figure 6.4 isotherms were plotted for samples annealed at 480 K
after preannealing at 450 K for several annealing times t,. In figure
6.18 some of these isotherms are replotted. The arrows in this figure
indicate the time, calculated with eq. (6.12), after which the minima
are expected. The agreement between the calculated and the actual
times is not perfect. However, using 1.6 103 K- for B, which is not an
unreasonable value with respect to the accuracy, yields a perfect
agreement between the calculated and the observed minima.
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figure 6.18 Change in Young's modulus during isothermal annealing at
480 K after preannealing at 450 K during the time
indicated. The arrows indicate the time, according to eq.
(6.12), at which a minimum should be observed.

6.4 Discussion
In this chapter a description of structural relaxation in amorphous

Pd4oNisgPoo was given in terms of the mixed model. For the free volume
contribution three simple equations for the description of annihilation
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and production of free volume were tested. Since equilibrium is actually
a state in which production and annihilation have the same rate, there
can be no difference in the equation for dcy/dt > 0 and dcy/dt < 0.
Therefore, one equation should be used to describe both processes. The
most pronounced difference between the three equations was found in the
description of the glass transition, which supports dcy/dt = -kiC4(Ci-Ct oq) -
Young's modulus measurements cannot discriminate between the three
equations.

The CSRO part of the isotherms has been described by the AES
model, assuming a box distribution for the spectrum of activation
energies. The analysis yielded a consistent set of parameters.

in chapter 4 strong evidence has been found that structural
relaxation in FeyoNisoByo could not be described by CSRO and TSRO only.
Before the onset of TSRO another irreversible contribution was found.
The processes that evolve prior to CSRO are irreversible and so is part
of the processes in the activation energy range between 170 and 250
kd/mole, where the reversible processes occur.

An indication for irreversible processes preceding CSRO can be
obtained by plotting the changes in the observed property after a
preannealing treatment versus the activation energy, calculated with
(2.23). For FeyoNisoByp it was found that the reversible changes in a
physical property like Young's modulus or the electrical resistivity
starts at an activation energy of 170 kd/mole, whereas relaxation in as
quenched FeyoNiyoBy starts at 130 kJ/mole. Extrapolation of the data
of figure 6.4 to AvZ2= 0 yields a value for the time corresponding to an
activation energy E = 100 kdJ/mole (eq. (2.23)), which means that the
spectra of the as quenched samples and preannealed samples start at
the same activation energy.

However, this observation cannot completely exclude the
possibility that the pre-TSRO part contains irreversible processes. The
fictive temperature could be lower than reported in section 6.3.1, where
in our fits the pre-TSRO part is completely ascribed to CSRO.

If this observation is characteristic for Pd-containing metallic
glasses, it seems in agreement with positron annihilation experiments
on a PdSi metallic glass [17]. In these experiments no decrease in
positron lifetime was observed preceding the changes due to CSRQ
(compare with the behaviour of Fe,oNisoB,, as described in chapter 4,
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figure 4.2). This means that no irreversible processes preceded the
reversible ones.

It was not possible to give a good description of the whole set of
as quenched isotherms with a single set of parameters. The
measurements indicated differences between the as quenched
conditions of different samples. We accounted for these differences by
adapting the initial free volume xy. We chose for x, instead of T;
because upon changing the quenching rate the changes in T; are (partly)
compensated by the free volume dependency of the ordering kinetics
(chapter 5).

Since the kinetics of TSRO in Pd4gNisgPsg is now known, the
qguenched-in amount of free volume can be calculated. Two linear
cooling rates were chosen, 1000 K/s and 180 K/s. These cooling rates
resulted in a reduced free volume of 0.0403 and 0.0385, respectively.
This is roughly the range within which we had to vary x4 in order to fit
all the as quenched isotherms (section 6.3.1). The difference in
guenching rate of more than a factor 5, necessary to cover the xq values
resulting from the analysis, seems too large to be realistic. This
indicates that both x, and T; vary, and in our analysis we attributed the
entire effect to a variation of x4. The actual differences in xq will
therefore be smaller, leading to a smaller variation of the quenching
rate.

The activation energy for flow defect annihilation and production
(158 kJ/mole) is comparable to activation energies reported for other
Pd containing metallic glasses. Cost et al. [18] reported an activation
energy of 160 kJ/mole for a PdGe metallic glass, Taub and Spaepen [19]
found an activation energy of 160 kd/mole from their viscosity data on
PdSi and van den Beukel [20] used 170 kd/mole in an analysis of
electrical resistivity data on the same metallic glass.

For CSRO a spectrum of frequency factors between 1072 and 1018 s-1
has been found which could be described by:

Vo = Vo exp(BE/R) (2.22)

and vy being 1226 s-1. The frequency vg depends on the concentration of
diffusion defects [15]:

123



STRUCTURAL RELAXATION IN Pd4oNigoPoo

V'0=Vd Cq- (613)

When the initial concentration of diffusion defects (cy= exp(-0.5/x,),
see chapter 5, and x, = 0.0405) is inserted in eq. (6.13), v4 is equal to
2.8 108 s'. This value is considerably smaller than the Debye frequency
(=~1013 s1), but comparable to the observation in Fe,gNisgBo,, where a
frequency factor of 5.1 109 s-1 was obtained.

The reported frequency factor C,for TSRO (3.4 1025 s-1) is high in
comparison with the expected Debye frequency vq4. In a similar way as
done for vy, Cy can be expressed as [15]:

Cy = B'vg exp(BE{/R) (6.14)

where B' is a constant of order unity. Inserting the parameters Cq, p and
E;obtained from the analysis, vq = 1.0 10'3 s-1 which is a reasonable
value.

Comins et al. [21] have tried to measure reversible changes in
Young's modulus due to reversible relaxation in slowly cooled (1 K/s)
amorphous PdyoNisoPoe. Cycling experiments were performed between
493 K and 523 K, measuring Young's modulus in situ. No reversible
changes were observed. However, according to our observations small
reversible changes should have been found in these experiments. These
changes should occur in the initial part of the isothermal annealing
treatments and also during the non-isothermal part.

The as quenched velocity for their samples was about 4900 m/s and
the density of the material was 9405 kgm-3. This results in a modulus
(E=pv2) of about 228 GPa. This is about 2.5 times the as quenched
Young's modulus for a rapidly quenched sample (+ 94 GPa) [10]. This
difference cannot be explained in terms of the state of chemical order
and free volume.

From the work of Comins et al. one can conclude that slowly cooled
PdNiP has significantly different properties in comparison to the
rapidly quenched material. Also the behaviour during structural
relaxation is different from what is calculated with parameters for
rapidly quenched Pd,gNisgP5g.
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6.5 Conclusions

In this chapter experiments to study structural relaxation in
amorphous Pd,NisgPoo have been reported. It was found that the
stability of the metallic glass was sufficient to attain equilibrium for
both CSRO and TSRO.

The data have been analysed in terms of the mixed model,
previously used for structural relaxation in amorphous FeygNiygBsog. The
kinetics of annihilation and production of flow defects (TSRO) can be
described with the free volume model. Three equations were derived
from which one, eq. (6.7), described the data rather well. The
parameters obtained from least squares fits on the high temperature as
quenched isotherms (table 6.1) gave reascnable values, which could be
used to describe almost the whole set of measurements.

CSRO was described with the formalism of the AES model. The
parameters (section 6.6) described the CSRO part well.

The mixed model and the corresponding parameters consistently
describe both qualitatively and quantitatively the whole set of
experimental data. However, due to the change in quenching conditions
both T; and x, must be varied somewhat to describe the whole set of
data more precisely.
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SUMMARY

SUMMARY

Amorphous metals or metallic glasses are metallic alloys in the
solid state without (translational) long range order. Metallic glasses can
be produced by rapid quenching from the melt. When the obtained product
is annealed at temperatures between 400 and 600 K atomic
rearrangements in the amorphous state occur, which process is generally
called structural relaxation. Structural relaxation must be clearly
distinguished from crystallisation. This thesis deals with the kinetics of
structural relaxation in amorphous Fe4oNisqBog and PdsgNisgPog.

In chapter 2 several models for the kinetics of structural relaxation
are described, of which the most important (for this thesis) is the mixed
model, developed by van den Beukel and coworkers. In this mixed model
structural relaxation is considered to consist of two sub-processes:
Chemical Short Range Ordering (CSRO) and Topological Short Range
Ordering (TSRO). For CSRO (chemical ordering of the local surroundings of
an atom) the Activation Energy Spectrum model, introduced by Gibbs and
coworkers, is used. The kinetics of TSRO (annihilation of defects) is
described by the free volume model. The effectiveness of this mixed
model is demonstrated by experimental data on the structural relaxation
in amorphous Fe,gNizgBag.

In chapter 3 the set-ups for the various experimental technigues
which were used for the measurements (Young's modulus, electrical
resistivity, Differential Scanning Calorimetry (DSC) and anelastic strain)
are described.

In previously presented data on structural relaxation in amorphous
FesogNisoBog the transition from CSRO to TSRO was never directly visible.
In chapter 4 a successful attempt to observe this transition is described.
In positron lifetime experiments a maximum is observed at the CSRO-
TSRO transition. During TSRO the positron lifetime decreases, while in
the CSRO part the lifetime increases after an initial decrease. These
results indicate that the processes preceding TSRO (pre-TSRO) are
probably not only CSRO but maybe involve another type of process.

This pre-TSRO part has been studied further with the help of
electrical resistivity measurements on FesoNiszgB,y. Measurements were
performed at the annealing temperature, at room temperature and in
liquid nitrogen. It was found that in the pre-TSRO part irreversible
processes occur prior to and concurrent with the reversible CSRO. The
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initial decrease in positron lifetime, as mentioned previously, may also
be due to these irreversible processes.

In chapter 5 the effect of defects on the kinetics of chemical
ordering in, mainly, amorphous Fe,NisoBso has been studied. It is
generally assumed that these defects control both diffusion and viscous
flow. Since CSRO is considered to be a diffusion process, one expects an
effect of the concentration of defects on the CSRO kinetics. Young's
modulus, electrical resistivity and anelastic strain measurements were
performed to study this phenomenon. In the first two experiments
temperature cycling was applied to study the reversible effect, for
anelastic strain measurements stress cycling was performed. In the
latter experiment the local order changes as a result of a mechanical
stress, and the term stress induced ordering, is used to indicate this type
of ordering.

All experiments clearly show that the ordering kinetics slows down
when the concentration of defects decreases. However, the rate is not
controlled by flow defects, the concentration of which (c;) determines
the viscosity of a metallic glass, but by diffusion defects, the
concentration of which is nearly proportional to \/c_f.

This result has been verified with the help of diffusion and viscosity
data. In the free volume theory it is assumed that the diffusion
coefficient D (= ¢;) and the viscosity m (= c;1) scale as the well known
Stokes-Einstein relation for liquids: nD = constant at constant
temperature. However, from experimental data for n and D for
Fe4oNigsoBog, we find that the Stokes-Einstein relation does not hold, but
that nD2 = constant, which is in agreement with the relation between
diffusion defects and flow defects mentioned in the previous paragraph.

in the last chapter, chapter 6, structural relaxation in amorphous
Pd4oNisgoP2oo has been described in terms of the mixed model. Since
Pd4oNisoPoo is a rather stable glass, it is possible to. bring this metallic
glass in equilibrium for both CSRO and TSRO.

If this metallic glass can reach equilibrium for both CSRO and TSRO,
it is expected that both exhibit reversible behaviour. This has been proven
by performing cycling experiments.

Since no theoretical description for the kinetics of TSRO in the
vicinity of equilibirum is available, three possible equations to describe
the kinetics of TSRO are proposed, which were used to fit the Young's
modulus data. The obtained parameters were used to describe the glass
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transition, as observed in a DSC experiment. On the basis of the
experimental data a choice for one of the three proposed equations could
be made. The kinetics of CSRO is rather well described by the AES model.
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Samenvatting

Een amorf metaal, ook wel metallisch glas genoemd, is een materiaal
zonder lange afstands translatiesymmetrie. Dit betekent dat, in
tegenstelling tot in een kristal, er geen periodieke rangschikking van
atomen aanwezig is. Het ontbreken van de translatiesymmetrie is te zien
in een rontgendiffraktie opname, waar een kontinue intensiteitsverdeling
wordt gevonden, terwijl een kristal scherpe pieken geeft.

Warmtebehandelingen van een amorf metaal tussen 400 en 600 K
veroorzaken een verandering van een groot aantal fysische eigenschappen.
Deze veranderingen worden toegeschreven aan atomaire
herrangschikkingen in de amorfe struktuur en dit proces, niet te
verwarren met kristallisatie, wordt in het algemeen aangeduid als
struktuurrelaxatie.

In dit proefschrift staan experimenten beschreven die tot doel
hebben inzicht te krijgen in de kinetiek van struktuurrelaxatie. In deze
experimenten worden veranderingen van fysische eigenschappen zoals
electrische weerstand, elasticiteitsmodulus en anelastische rek gemeten
en de snelheid (kinetiek) van verandering wordt gerelateerd aan de
snelheid van struktuurrelaxatie.

In hoofdstuk 1 wordt een korte inleiding gegeven over metallische
glazen. In hoofdstuk 2 wordt nader ingegaan op een aantal in de literatuur
verschenen modellen welke de kinetiek van struktuurrelaxatie
beschrijven. Achtereenvolgens wordt het vrij volume model (sectie 2.2.1)
het activeringsenergie spectrum (AES) mode! (sectie 2.2.2) en het
gemengde model (sectie 2.2.3) behandeld. Het laatste model is opgesteld
door van den Beukel en medewerkers en gaat er van uit dat er twee
soorten processen tijdens struktuurrelaxatie plaatsvinden.

Ten eerste is dat Chemische korte afstands ordening (CSRQO), waarvan
de kinetiek kan worden beschreven met het AES model. Deze processen
brengen veranderingen teweeg in de chemische samenstelling van de
direkte omgeving van de atomen. Het tweede soort processen is de
Topologische korte afstands ordening (TSRO); de kinetiek wordt
beschreven door het vrij volume model. TijJdens TSRO neemt de dichtheid
van het materiaal toe met het verdwijnen van het extra ingevroren
volume, het vrij volume. TSRO is daarom te vergelijken met het
verdwijnen van overmaat vacatures in een snel afgekoeld kristallijn
materiaal.

’
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De bruikbaarheid van het gemengde model is aangetoond aan de hand
van struktuurrelaxatie in amorf Fe,qNisoByg. Het is mogelijk om met een
set parameters de kinetiek van struktuurrelaxatie te beschrijven. In het
laatste deel van hoofdstuk 2 wordt uiteengezet dat struktuurrelaxatie
niet uitsluitend met TSRO en CSRO te beschrijven is maar dat er een
derde, niet reversibel proces moet worden aangenomen welke ongeveer
gelik met het reversibele CSRO plaatsvindt.

In hoofdstuk 3 worden de verschillende opstellingen beschreven die
gebruikt zijn tijdens het onderzoek (Elasticiteitsmodulus, electrische
weerstand, calorimetrie (DSC) en anelastische rek).

In eerder gedane struktuurrelaxatiemetingen in amorf Fe,NiyB,,
werd nooit een duidelijke overgang van CSRO naar TSRO waargenomen. In
een poging deze overgang wel waar te nemen zijn metingen verricht aan
de levensduur van positronen. De resultaten zijn vermeld in het eerste
deel van hoofdstuk 4. Gebleken is dat bij de overgang CSRO-TSRO een
maximum wordt waargenomen. TSRO heeft een daling van de levensduur
tot gevolg, terwijl in het pre-TSRO gebied eerst een daling en daarna een
stijging van de levensduur is gemeten.

Het pre-TSRO gebied is onderwerp van studie in de rest van hoofdstuk
4. Hiervoor werd de verandering van de electrische weerstand gemeten,
zowel op de gloeitemperatuur als op kamertemperatuur en in vioeibare
stikstof. Er is gevonden dat het pre-TSRO gebied bestaat uit reversibele
en irreversibele processen. De reversibele processen vormen de eerder
genoemde CSRO, de aard van de irreversibele processen is niet bekend. Er
wordt verder geconcludeerd dat de initieéle daling in de positron
levensduur wordt veroorzaakt door de irreversibele processen.

In hoofdstuk 5 wordt de invioed van het aanwezige vrij volume op de
reversibele ordening beschreven. Aangenomen wordt dat deze reversibele
ordening diffusie gestuurd is en dat het extra volume dat in het materiaal
aanwezig is hiervoor gebruikt wordt. Om de inviced van dit vrij volume op
de ordeningskinetiek te bestuderen zijn temperatuurwisselings
experimenten of anelastische rek experimenten gedaan. Bij de
temperatuurswisselings experimenten werd gekeken hoeveel langzamer
de reversibele component van een fysische eigenschap verandert tijdens
het gloeien op een bepaalde temperatuur t.o.v. een eerdere
gloeibehandeling op die temperatuur. Tussen deze twee
gloeibehandelingen werd dan een gloeibehandeling op een andere, hogere
temperatuur uitgevoerd die ervoor zorgde dat het vrij volume in het
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materiaal afnam. Gebleken is dat de ordeningskinetiek ook inderdaad
afneemt naarmate het vrij volume afneemt.

Nu wordt er in het vrij volume model aangenomen dat zowel diffusie
als vioei gecontroleerd worden door zogenaamde vioeidefecten. De
concentratie van deze vlceidefecten wordt bepaald door de hoeveelheid
vrij volume. De concentratie vloeidefecten c¢; als functie van de tijd
tijdens een warmtebehandeling is te berekenen met het vrij volume
model. Indien diffusie door vloeidefecten zou worden gekontroleerd, dan
zou de gemeten vertraging evenredig moeten zijn met c;. Uit de
experimenten blijkt echter dat de ordeningssnelheid niet evenredig is met
¢y maar met v ¢y

Dit resultaat is getest met behulp van diffusie- en viscositeits
gegevens. In het vrij volume model wordt er van uitgegaan dat de
diffusiecoefficiént D (< ¢;) en viscositeit 1 (e cf'1) bij constante
temperatuur gehoorzamen aan de zogenaamde Stokes-Einstein relatie,
nD = constant. Als echter deze relatie wordt getest met behulp van
viscositeit en diffusie gegevens, dan blijkt dat deze niet te voldoen aan
deze relatie, maar wel aan nD2 = constant. Dit is in overeenstemming met
de eerder gevonden relatie tussen de concentratie vloeidefecten en de
ordeningssnelheid.

In hoofdstuk 6, tenslotte, wordt de kinetiek van struktuurrelaxatie in
amorf PdyoNisgP»g besproken aan de hand van elasticiteitsmodulus
metingen. Dit metallische glas is stabieler dan het eerder gebruikte
FesoNisoBog, waardoor het mogelijk is om het in evenwicht te brengen
tijdens warmtebehandelingen. Dit betekent dat zowel CSRO als TSRO in
evenwicht kunnen worden gebracht.

De vergelijking die de verandering van het vrij volume beschrijft
tijdens een gloeibehandeling voorzag niet in het feit dat het vrij volume
naar evenwicht gaat. In dit proefschrift worden drie vergelijkingen
voorgesteld die wel rekening houden met het evenwicht. Deze
vergelijkingen worden gefit aan de experimentele data, resulterende in
een aantal waarden voor de fitparameters. Deze waarden voor de
fitparameters zijn gebruikt om de glasovergang, zoals deze wordt
waargenomen tijdens een DSC experiment, te beschrijven. Hieruit kon
worden geconcludeerd dat de vergelijking dcydt = -KiCi(Cr-Creq) de gehele
dataset het beste beschrijft. Voor de CSRO bijdrage werd het AES model
gebruikt om de kinetiek te beschrijven.
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Door middel van temperatuurwisselingsexperimenten is de
reversibiliteit van zowel CSRO als TSRO getest.
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CURRICULUM VITAE

De schrijver van dit proefschrift werd geboren op 4 april 1963 te
Goor. De middelbare school, ongedeeld Atheneum, werd gevolgd aan het
Twickel College te Hengelo, waar in 1981 het diploma werd gehaald. Na
een jaar te hebben gestudeerd aan de HTS/SVL te Hengelo (analisten
opleiding) werd in 1982 begonnen met een studie Scheikunde aan de
Rijksuniversiteit Utrecht. Het afstudeeronderzoek werd gedaan in de
vakgroep Anorganische Chemie, sectie Katalyse van Prof. ir. JW. Geus.
Onderzoek werd verricht naar de activiteit en selectiviteit van FeCu op
SiO, katalysatoren in de Fischer-Tropsch synthese. In juni 1986 werd het
doctoraal diploma gehaald.

Van Augustus 1986 tot November 1990 was de schrijver in dienst
van de Technische Universiteit Delft, in de groep Fysische Materiaalkunde.
De resultaten van het aldaar verrichtte onderzoek staan beschreven in dit
proefschrift.

135



DANKWOORD

Graag zou ik van de gelegenheid gebruik willen maken om een aantal
mensen met name te noemen die hebben bijgedragen tot het tot stand
komen van dit proefschrift.

Allereerst ben ik mijn promotor prof. dr. ir. A. van den Beukel zeer
erkentelijk voor de mogelijkheid die hij mij gegeven heeft om het
onderzoek beschreven in dit proefschrift uit te voeren. Zijn brede kennis
en enthousiaste benadering van het onderzoek en de verkregen resultaten
hebben altijd stimulerend gewerkt.

Door zijn "dagelijkse" begeleiding heeft Jilt Sietsma een niet
onbelangrijke bijdrage geleverd. Diskussies naar aanleiding van recente
resultaten leidden meestal tot op zijn minst idee&n voor verder onderzoek
of tot mogelijke verklaringen van de resultaten.

Erik Huizer wil ik bedanken voor het inwijden op het gebied van
metallische glazen en het inwerken op de apparatuur.

Johan de Vries wil ik bedanken voor het uitvoeren van de positron
levensduur metingen.

Onderzoek doen is tegenwoordig bijna niet meer mogelijk zonder
goede technische ondersteuning. Ab de Koster en de heer H. Weerheijm
waren in staat om snel eventuele problemen op te lossen en gaven vaak
suggesties om opstellingen te verbeteren.

De heren P. de Ruiter en H. Kieinjan wil ik bedanken voor de
bereidheid de Pd,oNiy P, legering te flitsgieten.

Mijn (ex)- collega's en (ex)- studenten van de vakgroep FCM wil ik
bedanken voor de prettige werksfeer en stimulerende discussies. Het was
bijzonder aangenaam dat deze discussies soms werden gevoerd in minder
wetenschappelijke locaties in de stad.

Tevens wil ik ook het overige personeel van het laboratorium voor
Materiaalkunde bedanken voor de prettige jaren die ik hier mocht hebben.

Mijn ouders wil ik bedanken voor hun belangstelling en steun tijdens
mijn studie en promotie. De familie Slag dank ik voor de gastvrijheid
tijdens mijn studie in Utrecht. Tenslotte wil ik jouw Anja bedanken voor
je begrip en geduld.

136




