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ABSTRACT

Bulk amorphous Zr- and Er- based alloys have been synthesized by
solid-state reaction in elemental composites prepared by mechanical
deformation. For the Er- based composites, complete amorphization was
achieved by near- isothermal rolling near room temperature. The driving
force for the reaction was found to be a large negative enthalpy of
mixing between the constituent elements. Strain and interfacial energies
have been estimated‘and found to modify the driving force only slightly.
X-ray diffraction and differential scanning calorimetry have been used
to characterize the structure and crystallization behavior of the alloys
obtained. Comparison to corresponding amorphous alloys prepared by
liquid quenching and sputtering gave good agreement.

The diffusion of Au in amorphous Au~Y and Au-La thin films
produced by co-evaporation has been studied by means of X-ray
diffraction and Rutherford backscattering. An estimated diffusion
coefficient agrees with those obtained by other authors for diffusion of
Au in several amorphous alloys. The results confirm that there can be
bulk self=diffusion in an amorphous alloy without erystallization.
Thus, one does not need to assume short-circuit diffusion during the

growth of an amorphous phase by solid-state reaction.



-V
TABLE OF CONTENTS
ACKNOWLEDGEMENTS
ABSTRACT
LIST OF FIGURES

INTRODUCTION AND BACKGROUND
1.1 INTRODUCTION
1.2 METALLIC GLASSES
1.2.1 Rapid Quenching
1.2.2 Amorphization by Solid-State Reaction (SSR)
1.2.3 The Structure of Amorphous Materials
1.3 DIFFUSION
1.3.1 Impurity Diffusion
1.3.2 Diffusion at High Concentrations
1.3.3 Thermal Activation
1.4 IN SITU COMPOSITES

EXPERIMENTAL TECHNIQUES
2.1 SAMPLE PREPARATION
2.1.1 In situ Composites
2.1.2 Film Deposition
2.1.3 Rapid Cooling From the Melt
2.2 X-RAY DIFFRACTION
2.3 DIFFERENTIAL SCANNING CALORIMETRY (DSC)

SOLID~-STATE REACTIONS IN BULK COMPOSITES
3.1 INTRODUCTION
3.2 SSR IN ZIRCONIUM~-BASED COMPOSITES
3.3 SSR IN ERBIUM-BASED COMPOSITES
3.4 DISCUSSION
3.4.1 Formation and Characterization of the Amorphous Alloys

3.4.2 Thermal Effects During Sample Preparation
3.4.3 Additional Thermodynamic Parameters

SOLID-STATE REACTIONS BETWEEN CRYSTALLINE AND AMORPHOUS PHASES
4,1 INTRODUCTION
4.2 EXPERIMENTAL, RESULTS
4.,2.1 Thin-Film Reactions
4.2.2 Reactions in Bulk Composites
4.3 DISCUSSION
CONCLUSION
5.1 SUMMARY
5.2 SUGGESTIONS FOR FUTURE RESEARCH
REFERENCES

APPENDIX: List of Publications

ii

iv

vi

102



Chapter 1

Figure 1.1

Figure 1.2

Figure 1.3

Figure 1.4

Figure 1.5

Figure 1.6

Figure 1.7

-Vie

LIST OF FIGURES

Three methods for rapid cooling of liquid alloys, a)
"gun®, b) meltspinning, c¢) piston and anvil. (from
Refs. 1.3,1.4).

Schematic TTT diagram for crystal growth in an
undercooled melt (from Ref. 1.7). T, denotes the
melting point.

Hypothetical free energy diagram for erRh1_x and
erRh1_xHY(from Ref. 1.10).

X-ray scattering intensity as a function of
scattering angle for annealed (4 hours at 80 C)
samples of increasing La content (curves a,b and e)
and for an unreacted sample with La content similar
to that of curve b (from Ref. 1.11).

Gibbs free energy vs. composition for a mixture of
crystalline Au and La (dotted line) and for amorphous
AuyLaq_, alloy (from Ref. 1.11).

Hypothetical TTT diagram for a solid- state reaction
of elemental phases. The solid line denotes a
crystalline phase, the broken line the amorphous
phase,

Cross- sectional transmission electron micrograph of

partially reacted Co~Zr multilayers (from Ref. 1.22).

10

11

13

15



Chapter 2

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

2.1

2.3

2.2‘

2.5

2.5

Table 2.1

Chapter 3

Figure

Figure

3.1

3.2

wyiie

Schematic diagram illustrating a rolling mill (from
Ref. 2.2).

Preparation of a composite from elemental foils.
Measurement of transient temperature during sample
deformation.

Arrangement of Peltier heaters/ coolers in vacuum
deposition system (from Ref. 2.3).

X-ray diffractometer in Q-20geometry. (from Ref. 2.5)
F- source, P~ sample, R- receiving slit, C- detector.
X- ray diffraction in reflection (a) vs. transmission
(b) geometry,

Use of erystal monochromator with diffractometer
(from Ref. 2.6) A- sample, F- source, Sy~ receiving
8lit, monochromator, Sy~ detector slit, G- detector.
Schematic representation of the three principal

thermal analysis systems (from Ref. 2.12).

Purity of metal foils and powders used for

composites.

Enthalpy of liquid~liquid mixing for copper-zirconium
(from Ref. 3.3). The broken line denotes a regular
solution fit.

Scanning electron micrograph of a cross section of a

Ni-Zr composite foil, as rolled.

a7

30
31

34

37

38

39

41

28

b7



Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

3.3

3.4

3.5

3.6

3.7

3.8

3.9

3.10

3.11

-viii-

X-ray scattering intensity as a function of
scattering angle for a Ni622r38 composite (a) as
rolled and (b) reacted at 260 °C for 14 hr.

X-ray scattering intensity as a function of
scattering angle for a CugglZryg composite (a) as
rolled and (b) reacted at 275 °C for 8 hr.

X-ray scattering intensity as a function of
scattering angle for the samples of Fig. 3.2,
measured in transmission geometry.

Bragg peak broadening AK as a function of the
magnitude of the wave vector for a Ni-Zr composite
deformed in 8 passes.

X-ray scattering intensity as a function of
scattering angle for a N1622r38 composite reacted at
340 °C for 4 hr.

DSC scans for CugqZry,, reacted at 275 °C for 8 hours
(top) and NiggZrgy,, reacted at 270 Oc for 10 hours,
both scanned at a heating rate of 40 °C/min.

X-ray scattering intensity as a function of
scattering angle for Ni73Er27 (12 passes) as rolled
and reacted,

X-ray scattering intensity as a function of
scattering angle for Cu72Er28 (14 passes) as rolled
and reacted,

Bragg peak broadening AK as a function of the

magnitude of the wave vector for a Ni-Er composite

48

k9

50

52

53

55

57

58

59



Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

3.12

3.13

3.14

3.15

3.16

3.17

3.18

3.19

3.20

-f -

deformed in 12 passes.

X-ray scattering intensity as a function of

scattering angle for NiggEryg at different numbers of
deformation passes n.

X-ray scattering intensity as a function of

scattering angle for Cu72Er28 at different numbers of
deformation passes n.

Temperature as a function of time during deformation
of Ni-Er composite.

X-ray scattering as a function of scattering angle
for a Cu723r28 foil prepared by rapid quenching.
Sharp features indicate presence of a small
percentage of crystalline material.

Reduced interference function as a function of the
magnitude of the K- vector for amorphous Cu72Er28
prepared by rolling and sputtering.

Reduced radial distribution functions for amorphous
Cu72Er28 prepared by rolling and sputtering.

DSC scans at 40 °C/min for amorphous CuqoErpyg

prepared by (a) roiling, (b) sputtering, (e¢) rapid
quenching, Sample (c¢) contains a small percentage of
crystals.

Geometry of deformation in a rolling mill.

X-ray scattering intensity as a function of

scattering angle for a crystalline Cu75Nb25 composite

at different numbers of deformation passes n.

61

62

63

65

66

67

68

75
82



Chapter 1

Figure 4.1

Figure 4.2

Figure 4.3

Figure 4.4

Figure 4.5

Figure 4.6

- Y-

The Gibbs free energy as a function of composition
for the binary system Au,Yq_, (from Ref. 4.1). The
solid lines denote the amorphous phase and the
terminal solid solutions, and the dotted 1line
represents a mixture of a—Au20Y80 with pure gold.
The X-ray scattering intensity as a function of
scattering angle for alternating layers of a-Au3uLa66
and Au: a) as deposited, b) reacted at 80 °C for &
hr.

The x-ray scattering intensity as a function of
scattering angle for alternating layers of a=Auy 5¥go
and Au: a) as deposited, b) reacted at 102 Oc for 5
hr,

Backscattering of a bilayer of AuysYog and Au: a) as
deposited, b) reacted at 96 °C for 5.5 hr.

The x-ray scattering intemnsity as a function of
scattering angle for a composite a-Zeri - Ni sample
with an average composition Zr52Nih8‘ a) as rolled,
b) reacted for 19 days at 275 °cC.

Au diffusion coefficients in metal- metal amorphous

alloys (from Ref. 4.5). "+ denotes our data point.

page

84

86

87

88

89

91



1=

1. INTRODUCTION AND BACKGROUND

1.1 INTRODUCTION

Oxide-based glasses have been known to mankind for thousands of
years. The most familiar, SiOp is used extensively in everyday life.
These glasses are obtained by cooling a liquid at moderate rates of
several degrees per minute and bypassing crystallization. They form if
the time scale for crystallization is considerably smaller than the
cooling time, In the past decades, the development of rapid cooling
methods has led to the discovery of metallic alloy glasses, These
materials have been synthesized by rapid cooling from the melt at rates
of about 106 degrees per second. Metallic glasses have generated
considerable interest among scientists and engineers, from the
standpoint of fundamental understanding as well as for practical
applications, although the latter have been limited by the small
external dimensions of the samples.

In the past three years, a completely new approach was developed
for the synthesis of metallic glasses. It has also been based on the
kinetics of competing processes, but instead of rapid cooling, it
employed an isothermal solid-~ state reaction in a crystalline diffusion
couple.

It has been the purpose of the present work to extend the
diffusion- couple experiment to three dimensions, making possible the
synthesis of amorphous alloys in bulk form., Stated simply, this
extension is based on mixing fine powders of the components of the
diffusion couple, thus having interfaces for diffusion throughout the

bulk. In addition to possible practical applications, the samples
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obtained allowed new characterization techniques to be used and also a
comparison of the new amorphous alloys with those prepared by
conventional techniques.

In this chapter, the theoretical background will be given for the
formation and structure of both conventional and solid- state reacted
amorphous alloys. Chapter two describes the experimental procedures
used. In the third chapter, the results obtained for solid- state
reacted bulk alloys are presented and discussed. In Chapter four,
experiments on reactions between crystalline and amorphous phases in
bulk as well as in thin films are described, and implications for the
understanding of solid- state reactions in general are discussed.

Chapter five contains a summary and suggestions for future studies,

1.2 METALLIC GLASSES

The term "metallic glass" refers to a metallic alloy which lacks
crystalline long~range order. Beyond a few nearest-neighbor shells,
there are no correlations between the atomic positions, The glassy state
is metastable, and the equilibrium state of a metal alloy is always
crystalline. In this section, a review of the principles of the
synthesis of metallic glasses is given, with an emphasis on the more
novel method of solid- state reactions (SSR). The structure of amorphous
materials will then be discussed, including methods for its

determination by diffraction methods.

1.2.1 Rapid Quenching

The traditional methods for synthesizing metallic glasses are

based on rapid cooling of an alloy from the vapor or melt to kinetically
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bypass the formation of crystalline compounds. The first amorphous alloy
produced by vapor deposition was reported by Buckel and Hilsch1'1 in
1954, Klement et al.1+2 yere the first to produce a metallic glass by
rapid cooling from the melt. Their method was based on atomizing a
liquid alloy and bringing it in contact with a copper plate kept at room
temperature- the "gun® technique. It is illustrated in Fig. 1.1,
together with further developments. An additional method of rapid
cooling is laser quenching, in which a short laser pulse melts a layer
on the surface of a solid, which is then cooled by heat transfer to the
bulk.!s> Typical cooling rates achieved in rapid quenching are 104—107
deg/sec (1012 deg/sec for laser quenching). For vapor deposition, the
cooling rates are estimated to range as high as 1013 °C/sec.1’6

The kinetics of rapid cooling are deseribed schematically in a
temperature- time- tranformation diagram (Fig. 1.2). The solid curve
represents the time required to transform a small fraction (e.g., one
percent) of an undercooled liquid into a crystalline phase, as a
function of the temperature, under isothermal conditions. This function
is affected by the thermodynamics and kinetics of the transformation.
The thermodynamic driving force is the difference in the Gibbs free
energy AGx’lbetween the liquid and erystalline phases. It decreases
monotonically as a function of the temperature and becomes zero at the
melting point. The kinetic factors depend on atomic rearrangement
involved in nucleating a new phase or on long-range diffusion necessary
to create domains with the chemical composition of the resulting phases.
Both processes are thermally activated and increase exponentially with

the temperature. The general expression for a nucleation- limited

transformation rate is given by:"8
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I = Nv exp(-Agm/kT) exp(-—L\Gc/kT) (1.1)

where N is the number of atoms per unit volume in the liquid phase and v
is a characteristic jump frequency. Agm is the activation energy for
atomic migration and AGCis the free energy associated with the formation

of a critical nucleus, It depends on the driving force Ag' through
a6 = 4n°0/27(ag")? (1.2)

where 0 is the surface energy parameter and N is a geometrical factor
depending on the shape of the nuclei. The competition between the
thermodynamic and the kinetic factor gives the curve its nose-~like
shape. If we use this curve as an approximation for continuous cooling,
one can see that there is a minimum cooling rate, as represented by the
slope of the dotted line, necessary to bypass the formation of the
crystalline phase,

Amorphous metal alloys are more stable and form more easily than
elemental metals. For rapid quenching, the accessible range of
composition is usually around deep eutectics in the binary phase
diagram, as pointed out by Cohen and ‘I‘urnbull.1'9 This is only a kinetic
constraint specific to rapid cooling from the melt. For vapor
deposition, the range of compositions is far more extended. For pure
elemental metals, an effective cooling rate of 1014 OC/sec is necessary
to form amorphous solids, and it can be achieved by deposition onto a
substrate kept at 4 ©OK, Amorphous elemental metals crystallize at

temperatures of tens of degrees K.
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1.2.2 Amorphization By Solid-State Reaction (SSR)

The pioneering experiments in the synthesis of amorphous alloys by
isothermal diffusion reactions were performed by Yeh et a1,1.10 They
observed that upon charging the metastable crystalline alloy Zr3Rh with
hydrogen, it transformed into an amorphous hydride. This observation was
explained in terms of a diagram of the free energy (Fig. 1.3) of the
metastable and equilibrium phases involved, as a function of
composition. When the metastable Zr3Rh (CuBAu structure) reacts with
hydrogen, the free energy of the system can be lowered via two
alternative routes: an amorphous hydride (Zr3Rh)1_xHx can be formed or
the alloy can phase-separate into a mixture of Zr1-xHx and a Rh- rich
crystalline phase. A coherent crystalline Zr3Rh hydride is assumed to
have a Gibbs free energy higher than the other phases involved, since it
has never been observed. The phase separation into Zr'H2 + Rh or Zr1_xHx
+ (Zrth)1_yHy involves long-range interdiffusion of metal atoms, since
interfacial energies between the phases require domains of a minimum
size (=20-30 K). The time constant characteristic of a diffusion process

is equal to
T = x2/D (1.3)

where x is the diffusion length (minimum domain size) and D is the
diffusion coefficient. Due to its small atomic size, the diffusion
coefficient of a hydrogen atom in a metal lattice is orders of
magnitude higher than self-diffusion of the metal atoms. Therefore; the

time scale for the formation of an amorphous hydride is considerably
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smaller than that for phase~separation and the system becomes

kinetically trapped in this metastable equilibrium,

The next important step in the study of amorphization by SSR was
the demonstration of metal- metal reactions in thin films., Schwarz and
Johnson'1! reacted multilayer thin films of elemental crystalline gold
and lanthanum to form an amorphous Au-~La alloy. Their samples consisted
of alternating layers of the two metals, each several hundred angstroms
thick. This configuration provided small diffusion distances together
with a total thickness sufficient for performing X-ray diffraction
experiments. In Fig. 1.4, X-ray diffraction patterns illustrate the
reaction. As a result of thermal annealing, the intensity of the Bragg
peaks originating in the elemental phases decreases, and a broad maximum
grows, characteristic of an amorphous phase.

The metal-metal reaction can be understood on the basis of free-
energy diagrams. In Fig. 1.5, the free energy of various phases in the
binary Au-La system is plotted as a function of the composition., a and
B denote the terminal solid solutions, and the dotted line represents
the average free energy of a mixture of the pure crystalline elements.
The free energy of the elemental crystalline phases was obtained from
existing thermodynamic data, and that of the pure amorphous phases was

extrapolated from the melting point:1.12

AGy,1(T) = (Tp=T)/Ty AHy (Tp) (1.4)

where AGx l(T) is the free-energy difference between the amorphous and
4
crystalline phases, and AHx,l(T) is the enthalpy of fusion. Having fixed

the end points, the free energy of the amorphous phase was estimated
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for annealed (4 hr at 80 °C) samples of increasing La content (curves
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using Miedema's method 1+13 for the enthalpy of mixing and the entropy of

a regular solution. The free energies of the intermetallic compounds lie
below those of the amorphous phase and are indicated schematically. One
can see that due to the large negative enthalpy of mixing of the
elements, the initial elemental mixture can lower its free energy by
mixing to form an amorphous phase. Crystallization would lower the free
energy only by a small additional amount. If the diffusion reaction can
proceed at sufficetly low temperature, so that the crystalline compounds
cannot nucleate, an amorphous phase will result. In other words, there
are two relevant time scales,hﬂl Ty is the characteristic time for the

nucleation of a crystalline phase and t_ is the time it takes to

a

complete the formation of an amorphous phase

T4 = L2/D (1.5)
where L is the layer thickness, assuming that amorphous phase formation
is not nucleation-limited.l+15 1f Ty << T4, amorphization can occur.
Fig. 1.6 shows a schematic TTT diagram for the reaction. The solid line
denotes the time required to transform a certain fraction into a
crystalline compound. It is nose-shaped as in Fig. 1.2, because the
driving force and the kinetics have an opposite temperature dependence.
On the other hand, for the formation of the amorphous phase, the driving
force remains roughly constant with temperature, while there is a rapid
increase in the diffusion coefficient, so the curve is monotonic. Each
type of transformation is described by a family of lines corresponding
to different layer thicknesses. All experiments reported to date have

been performed at isothermal conditions, below the "nose."
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Figure 1.6 Hypothetical TTT diagram for a solid- state reaction of
elemental phases. The solid line denotes a crystalline phase, the broken

line the amorphous phase,
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Solid-~ state synthesis of amorphous metal alloys has been studied

for less than three years. Many questions are still open, and it is
worthwhile reviewing the current state of understanding of the process.
The systems reported so far are Zr- (Cu, Ni, Co)1'16'1°18, La- (Au,
ag) 111119 vyl au1.20 Ero (N1, cu)'®! and HF-Ni.1415 They all
satisfy the requirement of having a large negative heat of mixing. One
can expect more systems to be reported in the future, and many early
transition metal -~ late transition metal and rare earth = late
transition metal pairs offer themselves as candidates.

It can be considered well established that the amorphous phase
grows as a uniform layer. This has first been shown by means of
Rutherford backscattering spectroscopy (RBS)J'15 More recently, cross-
sectional transmission electron micrographs of partially reacted thin
film mult::l.layer-sh22 showed actual real-space images of the reaction
products, as reproduced in Fig. 1.7. The RBS spectra taken for samples
reacted at different times and temperatures show that, for a fixed
temperature, the thickness of the amorphous layer grows roughly as the
square root of the reaction time, a behavior consistent with diffusion
controlled growth.

An exothermic reaction between two elements is known to cause a
reduction of the total volume due to a decrease in bond lengths. We
would therefore expect to see Kirkendall voids1-23 in reacted samples.
This has indeed been observed in electron micrographs of Co—Zr"18 and
Ni-zr12¥ muitilayers.

It has been shown by Unruh et al.1+25 that stresses have a strong
effect on the reaction rates. They measured the rates for Ni-ZIr

sputtered multilayers by monitoring the intensity of the Bragg peaks of
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Figure 1.7 Cross~ sectional transmission electron micrograph of

partially reacted Co-Zr multilayers (from Ref. 1.22).
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the elemental phases during isothermal anneals. The rate of decrease of

the Bragg peaks, which is proportional to the rate of growth of the new
phase, followed a t1/2 1aw, The reaction was observed to occur at one
rate for a certain time regime, and then go over to a lower rate, still
obeying a t1/2 law. This behavior could be correlated to a relief of

initially high compressive stress, as monitored through the lattice

constants.

1.2.3 The Structure of Amorphous Materials

In crystalline materials, there is long-range order which enables
one to describe all atomic positions exactly (ignoring thermal motion).
For amorphous materials, sclid or liquid, one has to use information
which is averaged over all atomic sites. A correlation function p(fFJ?J)
can be defined, which denotes the average density of atoms at a distance
r=l?-?ol from a specific atom at ?o, averaged over all atomic positions
Fo and spatial directions { ?, [?-?OFP}. This gives a one-dimensional
projection of the actual structure. Higher-order correlations have the
form pn(}1, Toy ey P,) = the probability of finding an atom at Fq,
given n-1 atoms at ¥,, ..., ¥p.

The correlation function p(r) can be calculated from measured
diffraction patterns (X-rays, neutrons or electrons). The general
expression for the intensity scattered off a group of atoms is

I(8) =2 ffo —S-lrlﬁtr—m“ (1.6)
n,m mn
where f; is the form factor of the ith atom, rp, is the magnitude of the

vector separating the ntB and the mth atom, and K is the magnitude of
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the scattering vector K given by:

K = 4;‘ sing (1.7)

where O is the scattering angle. The intensity depends on the scattering
angle through K. For electron and X~-ray diffraction, the form factors
are K- dependent, unlike neutron scattering. For the sake of simplicity,
we assume all form factors to be equal, and write separately the terms

in the sum with m=n:

1(e) = N2 (1 + T — (1.8)
m! mn

where m' denotes that the summation excludes the atom at the origin. If
we regard the distribution of atoms as a continuous function, we replace

the sum by an integral
- sin Kr
I= 1 +f amreo(r S dr (1.9)

uwrZ;Xr) dr is the number of atoms contained in a spherical shell of
thickness dr and radius r from the reference atom. Let DO be the average

density of atoms; then

_ Nl 2 s1n Kr sin Kr
I = NF° |1 +f 4rr-(p(r) - po) dr +f pe 7 dr)-(1.10)
o}

The last term is a delta function for a macroscopic homogeneous sample,
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i.e. the forward scattering. It is not seen in normal high-angle

diffraction, and can be omitted. When there are density fluctuations in
the scattering object, this term gives the small-angle scattering they

produce. One obtains:

Obs f4wr (p(r) - 0y) e Sm Kr dr | (1.11)

The transform can be inverted,

grr(o(r) - ) = &

ﬂl

~/‘ I(K) --1) sin Kr dK (1.12)
0

where I(K) = Iobs.(K)/(NfZ). G(r) = 47r{P(r)-Py) is called the reduced
radial distribution function.

For specimens with more than one atomic species, one can define
partial correlation functions as Pij(r) = the density of j- atoms at a
distance r from a reference atom of type i. The observed scattering
function is then a weighted average of the Fourier transform of the
pijb, an extension of equation 1.11. One can vary the weighting factors
by using different wavelengths of radiation, or by substituting
isotopes in neutron scattering{hzs For an n- component system, there
are n(n+1)/2 independent partial correlation functions, and the same
number of different measurements is needed in order to solve for them.

The usefulness of measured RDF's lies mainly in their comparison to
those obtained from computer generated or other models. There have been
attempts to model the structure of metallic glasses as microerystalline,
where crystal size effects, strains and other defects are the cause for

the broadening of the Bragg peaksﬂ'27 The agreement with experimental
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data was not satisfying. A more successful approach was the dense random

packing of hard spheres (DRPHS).L28 It consisted of physically packing
thousands of spheres and measuring their coordinates., Later models were
generated by computer simulations, and soft potentials were
introduced.1+29 A further development was the introduction of two
different sizes to simulate binary alloys.1‘3O The RDF's obtained from
these models gave reasonable agreement with experiments. A comprehensive

review of the subject is given by Cargill.1'31

1.3 DIFFUSION

Since the solid- state reactions described in the previous section
involve atomic transport, a brief review of solid- state diffusion is
given. It starts with the basic description of the diffusion of a dilute
impurity in a matrix, based on linear response theory. The results are
used to develop the theory of chemical diffusion, i.e., diffusion at
large concentrations, The temperature dependence of the diffusion

coefficient is discussed.
1.3.1 Impurity Diffusion

When atoms are placed in a non-uniform chemical potential, they
move so that the system reduces its free energy. Using linear response

theory{“32 we can express the flux of the ith species as follows:

du1

j] = - Li_i ‘d'"s(—' . (1013)

The Lij's are called transport coefficients, and we neglect those with

i=j . U4 1s the chemical potential of the ith species. We can use the
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activity coefficients defined by

wiley) = uy + kT In(yscy) (1.14)

]

where Wy is the chemical potential of the ith species when it is a pure

phase and ¢ is its concentration. We obtain

(1+

dn vy.C. dny dc;
. i7" _ kT i i
b M =g b Ut ame ) o o (TR
giZZ? ) is called the chemical factor, and it is equal to one for
1

ideal solutions., For a regular solution in the dilute limit, Y; becomes

independent of the concentration and the equation reduces to

where

dci
iy = - Dy o (1.16)

is the impurity diffusion coefficient for the component i.

1.3.2 Diffusion at High Concentrations

Suppose one component in a diffusion couple moves considerably

faster than the other=- D1>> Do As a result, there is a net motion of

the

lattice planes in the laboratory coordinate system. One observes a
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net flux of material in the direction in which the faster component is

moving- the Kirkendall effect. To express the net fluxes in the lattice
frame of reference, one needs to subtract the net lattice motion. Assume
that the transport coefficients are the same as in the dilute limit; one

then obtains:

c.D du

. 17 1 .

J'l = = kT dx V“C] (1018a)
CoD du

. 272 2

s ) G (1.18b)

where vy is the lattice velocity. By definition

Jjy ;=0 (1.19)

and since the system is in equilibrium, the Gibbs- Duhen relationship

holds
C1dU1+02d]J2 = 0. (1020)
One obtains for the net lattice velocity:
v = (Dp - Dy) g (1.21)

where N1 is the mole fraction of type 1 atoms,
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and Vp is the molar volume. Substitution into equ. 1.18 gives

dany
1) dc (1.23)

This equation was first derived by Darken1'33 « If one uses the entropy

of mixing of an ideal solution:
AS = -k( N;lnN,+ N,1nN,) (1.24)
and an enthalpy of mixing of the form:

., = 1.2
AH . aN;N, (1.25)
and notes that the chemical potential of a species is the derivative

of the Gibbs free energy with respect to the atomic density:

_d
ui = a—%— ’ (1.26)

i
one then obtains

dlny1 2AH_.

- mix
1 + Eﬁﬁ:—}— = 1 - —Fl——‘—— . (1-27)

A negative heat of mixing enhances diffusion and a positive heat of
mixing inhibits it. Moreover, if the heat of mixing is positive and

sufficiently high, the diffusion coefficient becomes negative and
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atoms diffuse up the concentration gradient. This is the case of

spinodal decompositionﬁ°3u

1.3.3 Thermal Activation

The microscopic theory of diffusion will not be addressed in
detail, and we shall only look at the principles of the temperature
dependence of the diffusion coefficientf“35 Let us calculate the rate
of jumps of an interstitial atom in a solid. The potential of every site
will be approximated as harmonic. The probability that it occupies a

state with the energy

(1.28)

(]
i}
=
£
-
ki o
+
N
st
-

will be
..E_
o i/kT

5 e‘Ei /KT
i

p(E;) . (1.29)

The atom will jump to a neighboring site if its energy exceeds the

barrier height¢u0. The probability for it is

-E.
2{: o i/kT
E:>¢e

p(E>e ) = —2 . (1.30)

-E.
:Z: o i/kT
:

For Bw << kT one can approximate the sum by an integral
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«©

f o E/KT dE

€ -
p(E>e ) =—n = e OKT | (1.31)

The rate at which the atom jumps to a neighboring site can then be

expressed as
-€
w=w_ e o/KT (1.32)

o]

where wg is the frequency at which the barrier is approached. Since the
diffusion coefficient is proportional to the jump frequency and to the
square of the jump distance and the latter is approximately independent

of temperature, we can write
D=D_ e . (1.33)

Other diffusion mechanisms can be treated in a similar fashion. The

activation energy €, then has a different meaning, e.g., for vacancy
Jumps it is the energy required for an atom to jump into a vacant site.
If one mechanism is dominant at a certain temperature, then one can
obtain the activation energy from the slope of the 1nD vs. 1/T plot,

called the Arrhenius plot.



1.4 IN SITU COMPOSITES e

Composite materials, i.e., materials consisting of more than one
phase, have been the subject of many studies. In particular, ultrafine
metallic composites have been studied for over 20 year~s1'36 for their
mechanical, thermal and electrical properties. They exhibit unusual
behavior due to their high density of interfaces. Sacharoff et a1.1'37
were able to form composites containing platinum wires 200 Z in diameter
and to observe one~ dimensional effects.

There are two major methods of preparing <n situ composites:
rapid solidification and mechanical deformation.“38 The first is based
on rapidly solidifying a liquid alloy of elements which are immiscible
in the solid state. The size of the lamellae or filaments obtained can
be controlled by varying the cooling rate. A related method is the
decomposition of a homogeneous alloy in the solid state. The above
technique requires a positive heat of mixing of the constituent elements
and is therefore inherently inapplicable for the amorphization by solid-
state reaction, where a large negative heat of mixing is the required
driving force. The second method consists of physically mixing the
constituent elements ( in form of powders or foils ) and then
mechanically deforming them, The mechanical deformation creates
dislocations, and their density was observed to be as high as 1012- 1013
per cm2.1‘39 However, for high deformation ratios, when the filament
sizes decrease below several hundred K, the dislocation density
decreases dramatically. Frommeyer and Wassermannhno suggest that the
interfaces act as sinks for dislocations. A review of inm situ composites

was given by I=.‘\ev1':.1'38



26—

2. EXPERIMENTAL TECHNIQUES
2.1 SAMPLE PREPARATION

2.1.1 In sttu (:ca.pcm;i.l'.e:a.1‘1

The instrument used for mechanical deformation was the rolling
mill (Fig. 2.1). It consists of two parallel steel rollers which rotate
in opposite directions, the spacing between them being continuously
adjustable. A metal sample put between them is pulled by frictional
forces and its thickness is reduced by plastic deformation, due to the
applied compressive stress, The deformation process is done in small
successive steps, to avoid heating and damage due to excessive stress.

The elemental materials used for preparing the physical mixtures
were in foil or powder form. The purity of the materials used is listed
in Table 1. The powder method was used only for Ni-Zr, with an average
grain size of 40 um for both metals, The zirconium powder was received
in an argon atmosphere and was handled in argon gas until after
compaction. After determining the composition by weighing the powders
(in a glove box), they were mixed and tumbled for 24 hours. The mixture
was compacted in a die under a pressure of 4 GPa to form an ingot of
1/2" diameter. The ingot was then sealed in a stainless steel capsule
under high vacuum, using electron beam welding. The container with the
sample was flat-rolled in a rolling mill, reducing the sample thickness
by a factor of 8, and the resulting foil was removed from the stainless
steel, Then the sample was deformed in 10-12 passes, each consisting of:
1) folding the foil to double its thickness, 2) rolling it between two

0.75 mm thick stainless steel plates to the smallest spacing of the
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Figure 2.1 Schematic diagram illustrating a rolling mill (from
Ref. 2.2),
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rollers. The foils were prepared by rolling commercially available foils

or pieces to a thickness of 10-20 uym. The sample composition was
controlled by varying the relative thickness of the constituent foils,
and an accurate determination was made by weighing them. To minimize
oxidation effects, all steps were done without interruption after the
foils had been prepared. The two elemental foils were first brought into
contact and wound to form a spiral (Fig. 2.2). The spiral was rolled
inside a stainless steel tube to the limit of the rolling- mill and the
resulting foil removed. Subsequently, the same process was used as that
employed for the foil resulting from powder. The number of passes was as
high as 55 for the erbium alloys. Both methods produced somewhat brittle
foils. The final thickness of foils of the erbium-based alloys reached
200 ym, and it could be increased as desired by stacking several plates
and bonding them through mechanical deformation.

An important parameter for the sample preparation process is its
temperature rise during the rolling. Erbium-based composites reacted at
annealing temperatures as low as T0 9C, so heating effects during
rolling had to be considered. For these samples, the transient
temperature was monitored by sandwiching a chromel- alumel thermocouple
between two sample foils while these were being deformed between
stainless steel plates (see Fig. 2.3). (Several tenths of a second after
deformation, the thermocouple was broken as it was pulled by the rolling
mill,) The voltage signal was monitored with a storage oscilloscope with
a time resolution of less than one msec. The thermocouple wire was
insulated with Teflon sleeves while leaving an exposed section smaller
than the sample size.

To obtain a high purity environment for annealing the samples, the
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Figure 2.2 Preparation of a composite from elemental foils.
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following procedure was applied: the samples were vacuum-sealed in long

Pyrex ampules together with zirconium foils, The zirconium was heated to
550 ©C for 10 hours while the sample was kept at ambient temperature at
the opposite end of the ampule. The high reactivity of zirconium makes
it useful as a getter for gas impurities such as oxygen, water and
hydrocarbons. After cooling the ampule, the sample was moved to the
other side of the ampule and annealed, Samples annealed on the side
which had been cold during the gettering process showed signs of
contamination. This was due to the lesser amount of outgassing of the

walls on the cold side of the ampule,
2.1.2 Film Deposition

Thin films were deposited on Pyrex substrates by thermal
evaporation from tungsten boats. The boats were heated by electric
currents of 5- 15 Amperes. A shutter above the boats had a magnet
attached to it and could be moved with a magnet external to the system
during deposition. Its control enabled deposition from one source at a
time or co-deposition from two sources to produce an amorphous alloy.
Prior to evaporation, the substrates were cleaned in an ultrasonic
cleaner with a detergent and then with high purity ethanol. The pumping
system consisted of a mechanical pump (for pumping down to ~ 10~2 torr)
and of a diffusion pump backed by a mechanical pump and assisted by a
liquid nitrogen cold trap. After baking out the system by heating the
tungsten boats to moderate temperatures without melting the sources, the
vacuum reached the 10~7 torr range. During deposition, it increased to
the 10“6 torr range. The metal films were deposited at typical rates of

10-30 Z/sec. The substrate temperature was controlled with Peltier
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heaters placed between the substrates and a water- cooled copper plate

(Fig. 2.4). Depending on the direction of the current in the Peltier
Jjunctions, the samples could be either heated or cooled. The substrates
were heated before deposition in order to bake them out, and after
deposition to anneal the samples. During deposition, the substrates were
cooled to avoid heating of the films by radiative heat transfer from the
sources. There were four substrates in the system, with pairs placed
symmetrically with respect to the sources, 80 as to give the same film
composition on the two members of each pair. After deposition, one film
from each pair was kept at 0 °C while the other was being annealed. This
method made possible the comparison of two almost identical films, one
unannealed and the other annealed in situ , i.e., without being exposed
to the atmosphere after deposition.

The thickness of the evaporated films was monitored with a Dektak
thickness monitor, which scans the film surfacée with a stylus and
monitors the stylus position. Since some areas at the edges of the films
are shielded from one source by shadow effects, one could measure
separately the amount of material deposited from each source. Assuming
the densities of the elemental films had the same values as the bulk,
one could use these results to estimate the compositions of the alloy
films., For samples measured with Rutherford backscattering, a more

accurate determination of the composition was made.
2.1.3 Rapid Cooling from the Melt

The synthesis of metallic glasses by rapid cooling from the melt is
based on heat transfer from a thin layer of sample material to a bulk

heat sink, which is a good thermal conductor (usually copper).
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In the "gun®" methodZJ‘(Fig.‘L1b), the liquid alloy is atomized by

a shock wave created by high gas pressure breaking a Mylar diaphragnm.
The metal droplets‘hit a copper substrate, thereby overlapping and form
a foll of non-uniform thickness (10"6 to 10~3 cm). The cooling rate for
this method is ~107 deg/sec . Some regions of the foils produced by this
method are thin enough to be observed in a transmission electron
microscope.

In melt-spinning (Fig. 1.1a), one injects the molten alloy onto a
spinning copper wheel, while its surface moves at a linear speed of
about 40 m/sec. The metal is molten by induction heating through an rf
coil, and the process takes place in an evacuated chamber. A ribbon of
10-30tm thickness and one or more mme width is obtained. Some similar
industrial processes can produce wide sheets. The cooling rate for melt-
spinning has been measured to be approximately 106 deg/sec.

The "piston and anvil" (Fig. 1.1b) is an apparatus in which a
liquid drop is released and falls between two flat copper heads, When
the drop passes between a light source and a photodetector placed above
the heads, one of them (the piston) is accelerated by high gas pressure
after a certain (adjustable) delay and the drop 1is smashed between the
piston and the anvil, As a result, a foil of =50 um thickness and 2«3 cm
diameter is obtained. The process takes place in an inert gas
atmosphere., Here the foll is cooled on both sides, so, despite the
larger thickness, the cooling rate is about the same as for melt-
spinning. The foils produced by this method are convenient for X-ray

diffraction, where large and flat samples are needed.

2.2 X-RAY DIFFRACTION
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The geometry used for X-ray diffraction experiments was 0 - 20 (Fig.

2.5); i.e., the detector rotates at twice the rate of the sample. Al1l
samples were used in reflection geometry, unless the texture analysis
required the scattering vector X to be in the plane of the sample. The
reflection geometry allows the use of a wide (1°) divergent slit to
obtain high intensities, since the sample focuses the beam and the
angular resolution does not suffer (Fig. 2.6). The magnitude K of the

scattering vector is given by
= ¥

For the qualitative scans, the K, radiation of a copper target was used,
which has wavelength A = 1.5) 1. The Kz line was eliminated by using a
nickel filter. For measuring the radial distribution functions, higher K
values (up to 15 3"’) were accessed by using Mo K, radiation (wavelength
0.7107 K). The quantitative analysis required a monochromatic radiation,
and a LiF crystal was used as a monochromator. It was placed in an
orientation such that only the Bragg reflection of the Mo Ky line
reached the detector (Fig. 2.7). The sample covered the area
illuminated by the beam and its thickness was at least three times the
absorption depth for the radiation used. This insured the practical
elimination of substrate contributions to the signal and made the use of
the infinite thickness approximation possible. For amorphous materials,
the angular resolution did not need to be high, and 0.5° receiving slits
were used in order to obtain high intensity.

The 1interference function measured was normalized by fitting its

high K part to the weighted form factors given by Chromer et a1,2-7-2.10



Figure 2.5 X-ray diffractometer in © - 20geometry (from Ref. 2.5). F-

source, P- sample, R- receiving slit, C- detector.
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b)

Figure 2.6 X~ ray diffraction in reflection (a) vs. transmission (b)

geometry.



Figure 2.7 Use of crystal monochromator with diffractometer (from Ref.

2.6). A- sample, F- source, Sq- receiving slit, monochromator, S,-

detector slit, G- detector.
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For details of the data analysis, see Williams.z'11

2.3 DIFFERENTIAL SCANNING CALORIMETRY (DSC)2-12

DSC is a method of measuring the heat capacity of materials between
liquid nitrogen temperature and several hundred degrees centigrade.
Phase transformations in materials involve the release or absorption of
heat, i.e., a singularity in the heat capacity, for first-order
transitions, or a discontinuous change in the heat capacity for second-
order transitions., Therefore, the DSC is a very sensitive probe for
monitoring such transformations. The DSC is based on the following
principle (Fig. 2.8c): Two metal pans are placed symmetrically in a
cell; one of them contains the sample (typically =10 mg) and the other
serves as a reference. Each is heated with a separate heating element
and the power input for each is controlled to give the same temperature
and a constant heating rate. One records the difference in input power
between sample and reference as a function of temperature. The signal is

then proportional to the heat capacity,

dH/d4T = medT/dt (2.2)

where dH/dt is the power put into the sample, m is its mass, Cp is the
heat capacity at constant pressure and dT/dt is the heating rate,

The above procedure is employed in instruments built by the Perkin
Elmer and Mettler companies. The DuPont DSC is based on a simpler
principle (Fig. 2.8b). Only one heat source is used, and the temperature
difference between sample and reference is used to evaluate the

difference in heat fluxes. In using this method one neglects the
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variation in the heat capacity which arises because the sample
temperature varies slightly from the program temperature. In fact, this
variation can become large at points at which there is a strong
exothermic or endothermic transformation.

The DSC is a very delicate instrument. The cell has to be highly
symmetrical, so that the two positions ( sample and reference) receive
the same heat flux ( in the absence of a sample) and experience the same
loss of heat to the environment. Even minute amounts of contaminants
change the measured signal, since they introduce asymmetry into the
cell, and may react with the sample.

Most experiments reported in this thesis were performed on the
DuPont DSC 1090 at the Jet Propulsion Laboratory. The baseline was
measured by running the instrument with two empty pans at the same

heating rate as in the actual measurement. It was subtracted from the

measured signal.
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3. SOLID-STATE REACTIONS IN BULK COMPOSITES

3.1 INTRODUCTION

The motivation of the work presented in this chapter was the
extension of the diffusion couple experiment on sclid- state reaction to
three dimensions. In addition to making possible the synthesis
of amorphous alloys in bulk form for various applications, these
experiments made feasible the application of new characterization
techniques to the amorphous products of SSR.

Early attempts to achieve SSR in powder compacts of nickel and
zirconium were not successful. One reason may be the fact that the grain
sizes (above 1 ym) were larger than the layer thicknesses in previous
thin film experiments- typically 500 2. This makes diffusion distances
large and the ratio of interfacial area to volume small, thereby
reducing the reaction rate. A second and major reason for not being able
to observe a potential reaction is ﬁhe presence of surface contaminants
on the powder grains acting as diffusion barriers. Such contaminants are
present on powder surfaces in all practical cases even when the powders
are handled carefully. The mechanical deformation of the powder compacts
solves both of the above problems. In addition to consolidating the
compact, it increases the interfacial area, thus creating intimate
metal- metal interfaces. It also reduces the thickness of the layers,
making diffusion possible in practical time spans.

The first systems selected for this study were Ni-Zr and Cu-Zr.
All three elements are ductile and can be mechanically deformed without
extensive embrittlement. Ni-Zr was selected because it was reported to

produce amorphous phases in thin-film reactionss.?"1 The Cu-~Zr system was
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chosen because of its similarity to Ni~-Zr and the extent of available
data for the corresponding rapidly quenched alloys to which our results
could be compared. The heats of mixing calculated by Niessen et al.,3+
are =49 kJ/mol for liquid NiZr and =23 kJ/mol for 1liquid CuZr.
Direct calorimetric measurements for the Cu-Zr system reported by Kleppa
and Watanabe3+3 show somewhat smaller absolute values., Their data for
the heat of mixing of liquid Cu and Zr are shown in Fig. 3.1. Zirconium=
based composites embrittled after 12 passes of deformation, limiting the
extent to which the layers could be reduced. Therefore, erbium- based
composites were chosen for a subsequent series of experiments., Erbium is
extremely ductile and does not work-harden under extreme deformation, It
is one of the few rare-earth elements which are relatively inert in air.
In addition, there is much interest in rare earth alloys of the rare-
earth - late transition-metal type for magnetic applications. One can
estimate the heat of mixing for the Er-Cu system based on Ref. 3.4,
which gives calorimetric data for dilute solutions of erbium in 1liquid
copper. If we use the heat of mixing of a regular solution as a first
approximation, we obtain a heat of mixing of -23 kJ/mol for ErCu. We are
not aware of any data concerning the enthalpies of mixing for the Ni-Er
system. However, Miedema3'5 has reported a general proportionality
between negative heats of mixing and the number of intermetallic
compounds in binary systems. Therefore, based on the existence of a
number of crystalline intermetallic compounds in the Ni-Er system, we

assume the heat of mixing to be negative and large.
3.2 SSR IN ZIRCONIUM-BASED COMPOSITES

Ni-Zr composites were prepared by the powder- metallurgical method



S

Figure 3.1 Enthalpy of liquid-liquid mixing for copper-zirconium (from

Ref. 3.3). The broken line denotes a regular solution fit.
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and both Ni-Zr and Cu-Zr composites were prepared from elemental foils.

Most samples were prepared in 12 passes; i.e., the nominal reduction
ratio was 212 (£ 4000). This was the maximum attainable number of passes
before the sample began to disintegrate due to embrittlement. A scanning
electron micrograph taken of a cross section of a Ni-Zr sample prepared
by the powder metallurgical technique is shown in Fig. 3.2. A layered
morphology is observed with layer thicknesses on the order of 1000 A

Since the penetration depth of Cu Ky radiation in the above
elements is 10~ 20 um, a diffraction experiment shows the contribution
of many layers. Figs 3.3a and 3.4a show the diffraction patterns for as
rolled N1622r38 and Cusozruo. In both composites, strong texéure is
observed. The Ni (220) peak is unusually strong, in agreement with
textures reported for cold-worked FCC metals.3+6 Among the Bragg peaks
corresponding to zirconium, the (100) is barely present and the (002) is
relatively intense., Fig. 3.5a illustrates the texture by showing
diffraction patterns of the same samples as those depicted in Fig. 3.3a,
but taken in transmission geometry. Such diffraction geometry shows only
lattice planes whose normals are parallel to the foil surface, whereas
reflection shows only lattice planes whose normals are perpendicular to
it.

According to Friede1,3’7 strain fields produce broadening of the

Bragg peaks AK given by
AR = A<e@>1/2 ¢ (3.1)

where <e2>1/2 is the rms strain. A is a geometrical constant

approximately equal to one for a random distribution of dislocations. In
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Figure 3.2 Scanning electron micrograph of a cross section of a Ni-Zr

composite foil, as rolled,
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the present case, there is no known method of estimating it and it will

be set equal to one as a first approximation. Line broadening due to

small crystal size L (Scherrer broadening)3~8 is given by
AR = 0.9%2m/L (3.2)

i.e.; it is independent of the wavevector K. The full width at half-
maximum was measured for a Ni-Zr composite. It was calculated by fitting
a Lorentzian to the line and and a 4th order polynomial to the
background. The values obtained were corrected for K, and instrumental
broadening (see Ref., 3.9), the latter measured with a single crystal.
The result (Fig. 3.6) shows that the dominant contribution to the line
broadening is from strains, where <e®>1/2 i3 apout 1.5 percent for A=1,

The samples were annealed for 1- 32 hours at temperatures ranging
from 250 °C to 370 °C. In Figs. 3.3b and 3.4b, the X-ray patterns are
shown for samples reacted as follows: 3.3b: Ni622r38 14 hr at 260 °c,
3.4b: Cugolryg 8 hr at 275 °C. In both cases, 10 degree broad diffuse
diffraction maxima appear in a range of K values, where no Bragg peaks
were present before the reaction. These maxima are broader than any
observed strain- and size-broadened Bragg peaks and they go up as the
intensity of the original Bragg peaks goes down.We therefore attribute
them to a growing amorphous phase. The original peaks are reduced in
intensity, but are still present; i.e., the reaction is not complete.
Attempts to drive the reaction to completion by increasing the time or
the temperature resulted in the formation of intermetallic compounds, as
manifested in the appearence of new Bragg peaks (Fig. 3.7).

It should be noted that the original Bragg peak intensities do not
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all decrease at the same rate during the reaction. In the Ni-Zr
reaction, the Zr (110) and the Ni (111) showed the fastest rate of
decrease while the Ni (220) increased slightly. As verified by separate
annealing of cold- worked nickel foils at 260 OC, the latter observation
was shown to be related to preferred (220) coarsening of nickel grains .
Zirconium was shown not to re-orient at this temperature on the scale of
hours,

The crystallization behavior of the alloys obtained was studied by
means of DSC. Scans were performed at heating rates of 20 and 40 °C/min
with several of the following samples: Ni,Zr,_ . (x= 62, 68, reacted at
270 °C for 8 to 16 hr), Cugyryg (275 °C for 8 hr). Fig. 3.8 shows scans
for a) NiggZray, 270 °C for 10 h, b) CuggZryg, 275 °C for 8 h, both done
at a heating rate of 40 °c/min. Separate, severely cold-worked nickel
and zirconium foils were scanned to verify that the features observed
were not caused by oxidation or recrystallization of the elemental

material. For all samples a high exothermic plateau is observed,

starting at about 200 °C. In addition, the NiggZr3p Shows a sharp
exothermic peak at about 560 ©°C. For a heating rate of 20 °C/min, the
peak is observed between 550 and 560 °C. The Cugoiryg shows a small
endothermic peak superposed on the plateau at 440 °C and two sharp
exothermic peaks at 475 ©C and 500 °C. An X-ray diffraction pattern of a
reacted Ni722r38 sample heated to 500 OC for 3 min and cooled rapidly
shows the presence of amorphous material plus several Bragg peaks of a
new crystalline phase, apparently formed from the remaining unreacted
elemental material. After annealing at 570 °C for one minute, the
diffraction pattern consists entirely of sharp Bragg peaks. The sharp

exothermic peak is therefore attributed to the crystallization of the
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amorphous phase formed at lower temperatures. The exothermic plateau can

be attributed to the completion of the reaction of the elemental phases.
It occurs at a temperature higher than the reaction temperature, and
results in the formation of crystalline intermetallic compounds. Since
the heats of mixing involved are large, the signal obtained is
substantial compared to the heat of crystallization of the amorphous
alloy (a typical value for the crystallization enthalpy of an amorphous
alloy is one kJ/molL3'1° Dolgin3J1 observed a similar behavior in Au-
La thin film reaction: in a certain temperature‘range the amorphous
phase, formed at a lower temperature, was stable, but remaining

elemental material reacted to form crystalline intermetallic compounds.

3.3 SSR IN ERBIUM-BASED COMPOSITES

Ni-Er and Cu~Er composites were prepared using elemental foils. The
number of passes varied from 10 to 55. In Fig. 3.9 and 3.10, the X-ray
diffraction patterns are shown for Ni-Er (12 passes) and Cu-Er (14
passes), respectively. The elemental erbium (hexagonal) shows a texture
similar to the one observed for zirconium in zirconium-based composites.
However, the nickel lines do not show the strong (220) texture observed
in Zp«Ni for the same number of passes, The line broadening was plotted
vs. the K- value (Fig. 3.11), showing that strain is the dominant
broadening mechanism. The rms strain is approximately 2.5 percent.

Samples were annealed between TO0 °C and 170 °C for 1= 10 hours.
Typical reaction products are displayed in Figs. 3.9, 3.10 for
composites deformed in 14 passes. One observes that the Bragg peak
intensities decrease upon reaction, and a broad maximum arises from the
amorphous phase formed. For Cu-~Er composites, the CuEr compound (CsCl

structure) appears together with the amorphous phase at all reaction
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temperatures. It has a lattice parameter of 3.438+0.005 E, in agreement

with the value of 3.43+0.01 A given in the literature.3*'2 In the Ni-Er
reaction, one (or more) unidentified crystalline phase(s) appeared at
reaction temperatures above 130 °C. The average composition of the
composite and the relative consumption of the constituent elements, as
seen from the decrease of the Bragg peak intensities, served as a rough
estimate of the composition for the amorphous phase formed. The Cu-Er
phase contained approximately 72 atomic percent copper, whereas the Ni-
Er phase had approximately 55 percent nickel. In following experiments,
samples were prepared at these compositions.

As in the zirconium-based composites, none of the reactions could
be brought to completion by thermal treatment. About 20 percent of the
original elemental phases were still present after reaction. Increasing
the temperature or time resulted in the formation of crystalline
intermetallic compounds. The only sample prepared in 14 passes, in which
thermal treatment led to complete consumtpion of one phase, was a
Ni73Er27 composite annealed at 120 Oc for 8 hours. The erbium peaks
disappeared, and an amorphous phase was observed in addition to
remaining nickel ( Fig. 3.9). The (111) peak of ErH, was also seen (see
next paragraph).

Complete amorphization was achieved for Ni72Er28 and C“SSErHS by
continuous deformation through 40~ 55 passes (Figs. 3.12, 3.13) The
sample temperature during deformation did not rise above 40 °C, and fell
off to 30 °C over a period of 100 msec (see Fig. 3.14). Upon reaction,
Bragg peaks corresponding to face-centered cubic ErH2 appear in both
alloys, with a lattice constant of 5.125+0.005 X. In the literature, the

value is given as 5.123 8.312 The use of distilled erbium with less than
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0.1 atomic percent hydrogen resulted in a product with substantially

lower hydride peaks. This indicates that the hydrogen originates from
the erbium as a dilute impurity.

In order to compare the amorphous alloy produced by cold rolling to
the corresponding alloys produced by conventional rapid cooling methods,
attempts were made at several preparation methods. Neither of the three
liquid-quenching methods described in Chapter 1 produced a completely
amorphous Cu72Er28 alloy. The best result was obtained in a single foil
(out of 20) produced by the piston and anvil method, which contained
only several percent (unidentified) crystalline material, as seen by X-
ray diffraction (Fig. 3.15). This sample foil was used for DSC runs. The
same alloy was produced in a pure amorphous phase by magnetron
sputtering. The foils were 210 um thick and could be removed from the
Pyrex substrates with a sharp blade. They were used for DSC and several
folls were stacked and glued with diluted Duco-~ cement to produce a 60
pum thick sample for an RDF measurement. A comparison of the reduced
interference function K(I(K)-1) and radial distribution function G(r)
obtained from rolled and sputtered Cu723r28 is shown in Figs. 3.16 and
3.17.

In Fig. 3.18, DSC scans are shown for amorphous Cu72Er28 produced
by rolling, liquid-quenching and sputtering. The alloy produced by
rolling shows a sharp crystallization peak centered at 367 °C., By
heating samples to temperatures above and below the peak and comparing
them by X-ray diffraction, the peak was verified to be a result of
crystallization, The sputtered and liquid-quenched alloys both also
showed exothermic peaks, at 352 9C and 371 °C, respectively. The liquid-

quenched alloy also showed a tail on the lower temperature side of the
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peak. Since it contained a small fraction of crystals, the tail can be

attributed to growth of these already present nuclei at temperatures
below that required to form the nuclei homogeneously. A similar
observation was made by Dong et al,,3'13 who reported that partially
crystallized amorphous Ni-Zr alloys show a crystallization peak at the
same temperature as the fully amorphous alloys, in addition to an
exothermic signal at lower temperatures. All three alloys show second
exothermic events above 400 °C s but they differ considerably. It should
be noted that the sample produced by rolling showed the sharpest
crystallization peak. Amorphous NissErns prepared by rolling

crystallized at 276 °C at a heating rate of 29 °C/min.

3.4 DISCUSSION
3.3.1 Formation and Characterization of The Amorphous Phases

For both Zr- and Er- based composites, the amorphization reaction
could not be’completed by thermal treatment. Typically, about 20 percent
of the original material did not react even after extended times, and
crystalline compounds formed. Several possible explanations can be
suggested. Surface contaminants present on the starting material are
distributed on the interfaces in the composite after deformation and act
as diffusion barriers. For composites made by the powder- metallurgical
method, there are finite probabilities for grains of the same species to
be in contact with each other. This will cause a corresponding increase
in the size of the layers in the final composite. For diffusion
controlled growth , the reaction time will increase as the square of the
layer thickness. For samples deformed in 12 passes, one would expect a

reduction of’212 £ 4000 if the deformation is uniform. If the initial
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thickness is 20 um, it becomes 50 & in the final product. However, the
deformation process is not uniform and there is a distribution of layer
thicknesses. Since the composite foils embrittle as a result of the cold
working, every time a foil 1s folded, it does not overlap itself
completely. In a simple model, we assume that in each pass, a randomly
located area, which constitutes 10 percent of the sample does not
overlap any other part of the sample. This area is assumed not to be
deformed in the subsequent pass. As can be proven by induction, the

resulting thickness distribution is given by

pp = (5)(0.9)"(0.1)R"D (3.3)

where pl is the fraction of the material reduced by 2% after n passes (n
> m). For n=12, 0.5 percent of the sample is deformed by a factor of 27
= 128 to a size of =1600 &. The time needed to react such a layer would
be 16 times longer than for a 400 % thick layer, allowing the nucleation
of ecrystalline compounds. In conclusion, the above arguments, in
addition to the fact that crack formation causes nonuniform deformation,
imply a broad distribution in the layer thicknesses. During the time
period necessary for the reaction of the thick layers, crystalline
intermetallic compounds can nucleate and grow.

The textures observed for the hexagonal metals correspond roughly
to the reports in the literature, with the close- packed plane (002)
parallel to the foil surface. For the fcc metals, the nickel in Ni-Zr
shows strong (220) texture, in correspondence with Ref. 3.6. In Ni-Er,
such a strong texture is not observed, possibly due to the fact that Zr

has a yield stress higher than erbium. The copper in both Cu-Er and Cu-
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Zr does not show noticeable texture.

The DSC data suggest nearly identical thermal behavior for
amorphous alloys produced by rapid cooling from the melt and by SSR. For
Ni,Zr,_4, Dong et a1.3-13 report a maximum of about 575 °C for the
erystallization temperature (Tx) as a function of composition at x = 6%
atomic percent nickel, Our value of Tx = 560 °C for N1682r32 lies close
to this value, For CugqaZryg, the endothermic peak at 440 °C indicates a
glass transition, which is the definitive indication for a glass. As is
usually observed, the signal is very small, but it can be reproduced and
is not a result of random noise. Here again, there is a good
correspondence with Kerns et al.,3’1n who report Tg = 440 °C and Ty =
490 °C for rapidly quenched Cuer1_x alloys of similar composition. For
the erbium based alloys, the complete amorphization made possible a

higher quality measurement of the thermal behavior. Fig. 3.18 shows the

similarity in the crystallization behavior of CugpErpg alloys prepared
by three different methods, with the measurements done at identical
conditions, For the liquid-~quenched alloy (which contained crystalline
material), the shoulder on the low temperature side of the
crystallization peak is a result of growth of already present
heterogeneous crystalline nuclei. Dong et a1.3‘13 made a similar
observation on a partially crystallized amorphous Ni-Zr alloy. They
observed a crystallization peak at the same position as for the
completely amorphous sample, and an additional peak at slightly lower
temperature. This can be understood as a crystallization process
(homogeneous or heterogeneous) which ocurs in the amorphous matrix
independent of previous partial crystallization on the nuclei present.

The crystallization temperatures of the liquid quenched and the rolled
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sample lie within 4 degrees of each other, and the sputtered sample
crystallizes at a temperature 15 degrees lower than the rolled one. The
latter difference could be a result of argon trapped in the sputtered
films or of composition variations. The secondary crystallization events
which take place at higher temperatures show considerable differences
among the three samples. This could be a result of different impurities
and textures present after the first crystallization events. Since for
amorphous alloys with high heats of mixing, the crystallization
temperature depends strongly on the the composition,3°13 the sharpness
of the crystallization peak indicates that the sample produced by
rolling is chemically homogeneous by the time its temperature approaches
Tx.

Additional evidence for the similarity of the amorphous alloys
prepared by sputtering and rolling is the comparison of their atomic
structure, as seen in the RDF (Fig. 3.17). Up to four nearest~neighbor
shells lie at the same radius from the atom at the origin. For the
rolled sample, the shoulder on the first peak at 3.63 & corresponds to
Er-Er distances (the Goldschmidt radius of erbium is 1,78 £ ). In fece
ErH,, the Er-Er distance is 3.624 X The shoulder is believed to be due
to a contribution of the Erbium hydride present in the sample. This
assumption is based on the fact that for a sample containing a higher
percentage of ErH,, this shoulder was more pronounced and peak-shaped,
and its intensity could be reduced by partial subtraction of the ErH2
Bragg peaks from the scattered intensity I(K). For the sputtered sample,
the peaks and minima in G(r) are less pronounced than in the rolled
sample, This could be explained by the fact that the sputtered sample is

more relaxed. In general, sputtered samples are less relaxed than liquid
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quenched ones because of their higher effective cooling rates,3‘15 but
the amorphous Cu72Er28 alloy has a relatively low crystallization
temperature and therefore it relaxes at the temperature it reaches
during deposition, about 80- 100 °C. Attempts to relax the rolled alloy
at 115 °C did not change the RDF, and we attribute the difference in the
RDF's to the fact that the rolled sample had a rough surface, which
caused a reduction of the scattered intensity at small angles by shadow
effects. A quantitative correction for this effect is possible only for
a well-defined shape of the surface.

In all SSR experiments reported to date, formation of crystals is
favored over amorphization as the temperature is increased. This
indicates that the temperatures were below the "nose" of Fig. 1.6. It
also implies that the activation energy for the formation of a

crystalline nucleus is higher than that of an amorphous nucleus.
3.4.2 Thermal Effects During Sample Preparation

Since in copper- erbium composites, interdiffusion was observed
after 10- 14 deformation passes at temperatures as low as 70 ©°C, it is
important to analyze the heating effects during mechanical deformation.
In addition to the measurement of temperature values, an attempt will
be made to estimate the heat evolved during the deformation.

The measurement of the temperature of a composite during its
deformation shows that it rises to 240 °C and falls off on a scale of
several msec (Fig. 3.14). Since the whole preparation process involves
about 103 steps, we see that the total time is shorter and the
temperature lower than the respective values at which samples were

reacted after intermediate deformation.
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In order to calculate the heating effect, we will first show that
the heat deposition is uniform throughout the sample. We assume the
extreme case that heat is deposited only at the interfaces and show that
the thermal relaxation time is shorter than the duration of the
deformation. Fig. 3.19 illustrates the deformation process. The sample
thickness is reduced by 2x = 5%#10~3 cm each time it passes between the

rollers. The angle o is given by

cosa'z (r-x)/r ; (3.4)

i.e., o = 0.,0258 rad .

The duration of the deformation is given by

ot
"
ElR

= 5 msec (3.5)

where 13 the rotation frequency of the rollers

w = 2n/1.2 sec~1 .

If the temperature is a delta function in one dimension at the time t=0,

its time and position dependence are given by3'16

T(x,t) = = exp (- 7op) (k=25) (3.6)

where K is the thermal conductivity, C, the heat capacity and p ,the

density of the material. The relaxation time‘r1/e will be defined as the
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Figure 3.19 Geometry of deformation in a rolling mill.
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time it takes the temperature at a distance x from the origin to reach
1/e of its value at the origin., We assume a delta function at each
interface and the relevant distance x is half the layer thickness, x =

10 yum for the initial composite.

2
= X o
T1/e ~ % (3.1)
For erbium, K = 0.023 cal/(sec cm K)

C £ 0.1 cal/(K g)

p = 9.0 g/cm3
and we obtain T1/e £ 25 % 10'6 sec .

For copper and nickel the result is smaller for copper by an order of
magnitude. We see that this result is three orders of magnitude lower
than the duration of the deformation. The time constant Tq/e decreases
as the square of the layer thickness, so we are safely in the regime of
uniform heat deposition. The heat conductivity of single crystals was
used, but correcting for the lower conductivity of cold-worked
polycrystalline or émorphous metals will increase Tq1/e DY one order of
magnitude and will not change the general picture.,

For plastic deformation, the stress O is approximately constant and
independent of the strain e. Therefore, the deformation energy is given

by the product

U=o0e . (3.8)
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We shall use the theoretical limit for the yield stress

¢ = E/10 (3.9)

given by Dietet‘,3°17 where E = Young's modulus, This estimate is based
on moving a whole lattice plane at the same time, with no dislocations
present to facilitate the deformation. Using E £ 107 N/cm2 for copper or
erbium, we obtain = 106 N/cmz. The strain caused by the rolling mill
in each cycle is approximately 3 percent, so the energy increase due to

deformation is

U = ge £ 2000 J/mol.

Assuming that all the energy is converted to heat, we obtain an increase

in temperature:

AT = U/C = 80 °C

where C = 25 J/(°K mol) is the Dulong- Petit value of the heat capacity
of a solid. This result is consistent with the measured values, since it
is based on the theoretical 1imit for the yield stress, and gives the
upper limit for the increase in temperature.

In addition to the above, we can estimate the increase in the
temperature of the stainless steel surrounding the sample. The yield
stress for cold-rolled steel is approximately 109 N/m?,3°18 the strain

e = 3 percent and the deposited energy is equal to
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U= ce =30 J/cm3 £ 200 J/mol

and the heating
AT = U/C = 8 ¢ .

This value lies close to the temperature to which the sample temperature
is observed to relax after several msec.

In conclusion, we showed that based on measurements, as well as on
calculations, the sample temperature during deformation does not
increase by more than 20-30 °C, and it relaxes on the scale of 100
mil liseconds., The number of cycles per sample is about 103, making the
total time at elevated temperatures about 2 min. The times and
temperatures are therefore considerably below those at which samples
with intermediate deformation ratios were reacted (Figs. 3.9, 3.10). We
believe that the reaction is possible under these conditions because of
the Substantial decrease in the thickness of the crystalline layers. In
addition, diffusion might be enhanced by the strains during the
deformation process. Direct information about the layer morphologies

could be gained by electron microscopic studies.
3.4.3 Additional Thermodynamic Parameters

In the above section, we came to the conclusion that there are no
substantial heating effects during the sample deformation, and that the
amorphization is driven at room temperature by the chemical heat of
mixing of the constituent elements. The layer thickness is sufficiently
small (or the interface density is high), so that the reaction rate is

high at the given temperature,
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At the given interfacial densities, however, one has to consider

the effect of the interfaces on the total balance of the free energy.
When the ratio of surface to volume becomes high, the thermodynamic data
derived for bulk materials have to be modified. An interesting case was
reported by Willens et al.,3'19 who observed the depression of the
melting point of thin lead films, when the thickness approached tens of

Angstroms.

In our case, the free energy of the crystalline material in the
composite is raised by the high concentration of defects and interfaces.
We can use the value obtained for the rms strain in erbium <e2>1/2 = 2.5

percent and estimate the strain energy

Ugtpain = 1/2 <e®> E (3.10)

where Young's modulus E is used as an approximation for the elastic

constants involved. One obtains

U £ 0.24 kd/mol .

For copper and nickel, the measured <e2> is lower, and U will be of the
same order of magnitude.

In order to estimate the interfacial free energies, we use the
tabulated values of high~angle grain boundaries. We shall ignore the
fact that they apply to grains of the same material, but correct for

chemical interactions. The total free energy of an interface will be

given by :
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8int = 8gb * 8&ch (3.11)

where the first term is the grain boundary contribution and the second
is the chemical correction. We assume the presence of interfaces at
spacings of 50 3, so the interfacial area is 2*‘!06 cm2 per em3, Typical
values for the free energies of high-~angle grain boundaries are 6*10"5

J/cmz;3'20 i.e., the total free emergy is 120 J/cm3, or approximately:
ggb = 0.8 kJ/mol.

We can try to estimate the reduction of this positive value by chemical
interactions with a quasi- chemical a1;>pr-o:=1<3h.3'21 For alloys with large
heats of mixing, typical values are 80 kJ/mol for the 1:1 compounds, and
the entropy term in the free energy is negligible. Assuming 8 unlike
nearest neighbors per atom and complete chemical ordering, the energy

per bond is
h = 80/(8'NA) kJ (3.12)

where N, is Avogadro's number. We shall assume z unlike nearest
neighbors for an atom on the interface (z = 3-6). The total chemical

energy for an interface is approximately
ep = zh/(4r?) kJ/em?® = 2z#0.37 kJ/mol (3.13)

for the given density of interfaces., r is the atomic radius.

The total free-energy of the interfaces is the sum of the
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(negative) enthalpy of mixing and the free energy of the grain

boundaries. It is hard to predict the sign of this sum, since both terms
are about the same order of magnitude., In any case, the sum is on the
order of 1 kJ/mol or less,

In conclusion, we see that the values obtained for strain and
interfacial free energies are on the order of one kd/mol, whereas the
free energies of mixing are typically tens of kJ/mol. Therefore, the
bulk treatment of the free-energy balance is still valid. As an
experimental test, a composite was made from Cu and Nb, In liquid CuNb,
the enthalpy of mixing is +3 kJ/mol.,3'2 so from bulk free energy
considerations, the elements should not mix., Indeed, after deforming the
composite in 35 passes, there is no evidence of the formation of an
amorphous phase (see Fig. 3.20). For Cu=Er, such a phase formation was
observed after 20 passes,

One could speculate that the transient strains caused during the
deformation of the composites enhance the interdiffusion between the
layers. This could be confirmed by measuring the rate of reaction as a

function of stresses applied to a sample.
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4, SOLID-STATE REACTIONS BETWEEN CRYSTALLINE AND AMORPHOUS PHASES

}.1 INTRODUCTION

An interesting aspect of solid- state amorphization reactions is
the reaction of an amorphous alloy Ay_4Bx with the pure metal B. Fig.
4.1 illustrates the Gibbs free energies of the terminal solid solutions
and the amorphous alloy in the binary system Au-Y, and the dotted line
represents the free energy of a mixture of amorphous Au20Y80 with pure
gold. According to the common tangent rule, there is a thermodynamic
driving force for gold to mix with the amorphous phase for compositions
xqg < x <1, and the maximum attainable gold concentration is xg. Here
again, we assume that the formation of crystalline compounds is
kinetically bypassed.

Such amorphous- crystalline reactions can be used to study self-
diffusion in an amorphous alloy, i.e., the diffusion of one of its
components, as opposed to an impurity diffusion. All published datau'2
on diffusion in amorphous alloys are concerned with tracer diffusion. In
self- diffusion, the background signal is high due to the high
concentration of the diffusing species, and it introduces statistical
noise into the concentration measurement, making the measurement more
difficult.

In the following section, several experimental results will be
described for crystalline- amorphous reactions in thin films as well as

in bulk composites.,
3.2 EXPERIMENTAL RESULTS

3.2.1 Thin Film Reactions
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Figure A.1 Gibbs free energy as a function of composition for the
binary system Au,Yq_, (from Ref. 4.1). The solid lines denote the
amorphous phase and the terminal solid solutions, and the dotted line

represents a mixture of a—Au20Y80 with pure gold.
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Multilayered films were prepared with alternating a—AuxY1_x and Au
layers and also a-AuyLa1_y and Au. The thickness of the layers was 200~
2000 X and a total of 6-8 layers were deposited each time. Fig. 4.2
shows the X-ray diffraction pattern for alternating layers of Au34La66
(1000 £ each) and Au (200 & each) before and after reaction at 80 °C for
4 hours, It can be seen that a major fraction of the gold dissolved in
the amorphous alloy. In Fig. 4.3 , a similar pattern is shown for
multilayers of AuygYgq (%600 % each) and Au (=125 R each), reacted for 5
hours at 102 °C. A1l but a small trace of gold is dissolved, producing
an amorphous alloy of the composition Au57Yu3. Fig. 4.4 shows the
Rutherford backscattering spectra for a reaction of a bilayer of Auu2Y58
and Au at 96 °C for 5.5 hours. One can see how the sharp step in the
composition becomes less steep as the gold diffuses into the amorphous

phase.
3.2.2 Reactions in Bulk Composites

An experiment similar to the above was conducted with bulk
materials, Composites were prepared from amorphous Zr57N133 foils
produced in the "piston and anvil" and nickel foils, according to the
method described in Chapter 2. The total number of deformation passes
was 11, and the average composition of the samples was 48- 60 atomic
percent nickel. Fig. 4.5 shows the X-ray diffraction for a composite
with an average composition of Zr52Niu8, as rolled and after reaction
for 19 days at 275 °C. It is apparent that most of the nickel dissolved
into the amorphous phase and that the broad peak shifted due to the

change in composition from 37 to 41 degrees (for Cu K, radiation).
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Figure 4.2 X-ray scattering intensity as a function of scattering angle
for alternating layers of a-Au3nLa66 and Au: a) as deposited, b) reacted

at 80 °C for 4 hr.
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4.3 DISCUSSION e

The above experiment can serve for a rough estimate of the
diffusion coefficients governing the amorphous- crystalline reaction. In
the case of Au-Y, an almost complete reaction was observed by X-ray
diffraction. Based on previous results for solid- state
amorphization,u‘3ﬂhﬁ we assume diffusion controlled growth of the
amorphous layer. If one ignores the change of total volume upon
alloying, the thickness of the added amorphous layer is equal to the
thickness of the gold layer before reaction. Since each gold layer
reacts at its two interfaces, the thickness of each added amorphous
layer is half that of the gold. We have the thickness x = 60 K, the
duration t = 5h = 18000 sec ( this is an upper limit for the diffusion
time, since the sample was scanned only after 5 hours of reaction). One

obtains:

D = x2/t = 2#10~17 em?/sec = 2#19-21 m?/sec . (4.1)

Cantoru‘5 has shown, that for gold diffusion in several metallie
glasses, one obtains all points on an Arrhenius plot roughly on one
line, if the temperature is normalized by the glass-transition

temperature T, for each alloy. For the above case, Tg can be estimated

g
from a resistivity measurement performed by Schwarz et al.u'1 for a-
A“40Y60° Fig. 4.6 shows Cantor's plot with our estimated data point
added to it. For the given temperature, the point lies within the range
defined by previous points, if one considers the fact that the diffusion
time was overestimated (i.e., the diffusion coefficient underestimated).

The results presented here are only preliminary, and it is
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worthwile to perform a complete experiment to determine the diffusion
coefficients involved in the reaction and their temperature and
composition dependence. For a small amount of material diffusing into
the amorphous phase, its composition can be assumed constant and the
diffusion data can be analyzed with Darken's equation and the regular
solution approximation., However, some important insight into SSR can be
gained from the above observations. In a recent publication, Barbour et
al.n’6 claimed that the diffusion during a solid- state growth of an
amorphous layer has to go through short circuits, e.g., the "memory" of
grain boundaries from the original crystalline material. They argue that
there can be no bulk diffusion in the amorphous phase because it would
lead to erystallization. This claim is based on Buschow”"'{'"'8 who
interpreted the crystallization behavior of Zr, Hf and rare-earth-based
metallic glasses as diffusion-limited, and showed that the
crystallization temperature Tx of these glasses scales with the enthalpy
of formation of a hole corresponding to the smaller atomic species, If
we assume the amorphous thin films in the above experiment to be
uniform, then the results prove that there is indeed bulk diffusion in
the amorphous phase. (The assumption of uniformity is usually justified
for amorphous co- deposited films, and the formation of islands during
deposition is generally observed only for crystalline materials,) A
possible explanation is that the crystallization is not simply
explainable as diffusion-limited. In fact, Shikhmanter et al..l“'9 show
that polymorphic erystallization of amorphous CuEr occurs by
(diffusionless) nucleation and growth, and the activation energy for the
atomic migration across the interface is equal to the enthalpy of

formation of a vacancy in a copper site. This indicates that the fact
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that Tx scales with the the enthalpy of hole formation does not
necessarily lead to the conclusion that the crystallization is
diffusion- limited, but rather probably has a more fundamental
explanation, The crystallization requires correlated motion of both
species to form the right configuration for the crystalline unit- cell,
and diffusion of one species does not lead to crystallization.

The considerable shift in the Bragg-peak position for the Ni—ZraNi
reaction is a result of the change of the composition of the amorphous
phase. As the atoms of the smaller species diffuse into the amorphous
phase, the average interatomic distance decreases; i.e., the position of
the maximum goes to higher K- values or angles. If we compare the peak
position after reaction - 41 © or 2.86 3‘1 - to the values reported by
Buschow™*10 for a series of Ni,Zrq_y alloys, the final product should
contain 63 atomic percent nickel. This is obviosly impossible because
the average composition of the composite was 48 atomic percent nickel.
This could be a result of the inhomogeneity of the reaction product.

It is worth mentioning a possible practical application of the
reaction between crystalline and amorphous phases. In an effort to
produce amorphous alloys in bulk form, attempts to consolidate amorphous
metal powders under hydrostatic pressure were not successful because the
powder particles did not bond. Adding a small amount of one of the
chemical species in the alloy could possibly provide a "glue" for

diffusional bonding.
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5. CONCLUSION

5.1 SUMMARY

It has been demonstrated for the first time that solid-state
reactions can be used to synthesize bulk amorphous alloys. This result
has potential use for practical applications of amorphous alloys, when
bulk material is needed. In the present work, new characterization
techniques have been used which were not applicable to previously
synthesized solid-state reacted thin film alloys.

As for previously studied thin film samples, amorphization could be
induced by thermal reaction. In addition,; for sufficiently ductile
elemental components, a complete reaction was achieved by extensive
rolling near room temperature. Like the reaction by thermal treatment,
this reaction was found to be driven by chemical driving forces,

The crystallization behavior of the alloys formed, as studied by
DSC, was very similar to that of the corresponding alloys prepared by
more conventional methods. The atomic~-scale structure, as measured by X-
ray diffraction, also showed very good agreement between the alloys. One
can conclude that the (metallic) glassy state is well defined and not a
kinetically "trapped" unstable state. The glass is essentially the same,
whether formed by cooling from the vapor or liquid (see Ref. 5.1) or by
solid-state reaction.

The amorphous-crystalline reactions described in Chapter 4 show
that there is indeed bulk self-diffusion in Au-Y glass without
crystallization. Amorphization by solid-state reaction does not need to

be explained by short-circuit diffusion paths.
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5.2 SUGGESTIONS FOR FUTURE RESEARCH

Many questions regarding the mechanism of amorphization by solid-
state reactions are still open, For most of them, providing the answer
will require sophisticated experimental techniques and/or extensive
investment in time and effort. One can expect that many questions will
be answered within several years.

Throughout this thesis, information concerning the morphology of
the composite was gained by indirect evidence, such as X-ray
diffraction. Tﬁansmission electron microscopy (TEM) could provide a tool
for directly monitoring the layered structure of the composite,
Furthermore, TEM could be used to observe the amorphization process in a
single microcrystal in real time. It could answer the question as to
whether the amorphization is preceded by supersaturation of the
crystalline host lattice.

The suggested effect of strain in enhancing the reaction rate can
be studied by monitoring the rate of reaction as a function of directly
applied compressive or shear stresses.,

The difference observed in the composition of the amorphous phases
formed in the Ni-Er and Cu~Er composites suggests differences in the
driving forces between the systems. The free-energy curves for the two
systems must have different shapes. This implies that the regular
solution model is not sufficient for describing the free energies of the
amorphous phases. DSC measurements of the enthalpies of mixing involved
would give direct data upon which free energy diagrams could be based.
This would provide a basis for a more rigorous evaluation of the

theoretical attempts (e.g., Miedemas'z) at describing the alloy
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enthalpies, A complete understanding of alloy mixing enthalpies would

require a full understanding of the electronic structure of the alloy. A
first principles theory of alloying will therefore remain a difficult
objective.

The presence of defects, such as interfaces, dislocations and point
defects, causes a rise in the free-~energy of the crystalline phases.
Thus, the crystalline phases become thermodynamically less favorable
than the amorphous alloys in a composition range extended beyond that
indicated by the (metastable) equilibrium free energy diagram. In other
words, defects cause the crystalline phases to be in a superheated
state. This issue can be addressed by studying the range of composition
in which amorphous phases form as a function of the defect
concentration. The defect concentration can be controlled by varying the
layer thicknesses and the deposition conditions and by causing radiation
damage., However, one has to keep in mind that defects will affect the

reaction kinetics.
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