T-4798

Alloy Diffuse Scattering Studied by Small-Angle X-ray Scattering

ARTHUR LAKES LIBRARY
COLORADO SCHOOL OF MINES
GOLDEN, CO 80401 ~

By
Min, Dong-Hoon



ProQuest Number: 10794154

All rights reserved

INFORMATION TO ALL USERS
The quality of this reproduction isdependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

uest

ProQuest 10794154

Published by ProQuest LLC (2018). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code
Microform Edition © ProQuest LLC.

ProQuest LLC.

789 East Eisenhower Parkway
P.O. Box 1346

Ann Arbor, Ml 48106 - 1346



T-4798

A thesis submitted to the Faculty and the Board of
Trustees of the Colorado school of Mines in partial
fulfillment of the requirements for the degree of Master of

Science (Physics).

Golden, Colorado

Date:___é /7j7?s/7£ %%
Signed: /h'bn o/ U

Min, ng-Hoon

worovets. Aot

Dr. Don L. Williamson

Golden, Colorado

Date: 6//5/9_’5

Thesis Advisor

Golden, Colorado

Date: GAfIQT nJéq

John U. Tlefny

Head of Physics Dept.



T-4798

Abstract

i

Germanium clustering in amorphous Si;_,Ge, alloys, an
important material for thin film solar cells, may play a
role in the known degradation of the opto-electronic
properties with increasing x. Small-angle x-ray scattering
(SAXS) might be a useful technique to investigate the
possible clustering behavior of Ge. To establish the
viability of SAXS for this problem, the crystalline Al,_,Ga,
alloy system was selected as a model for experimental and
theoretical study. Ga has high solubility (about 9 at.%) at
room temperature according to the published phase diagram
and the elements Al and Ga are adjacent to Si and Ge in the
periodic table. The primary objective was to establish the
ability of SAXS measurements to determine the ‘diffuse
scattering intensity due to the Laue monotonic scattering
contribution which is simply related to alloy randomness.
Several other diffuse scattering mechanisms may contribute
so a combined theoretical and experimental approach was used
to extract the Laue term. Also the role of the SAXS beam
geometry in the conversion to absolute electron intensity
units was considered. A series of 5 alloys with x=0, 0.025,
0.050, 0.070 and 0.100 was prepared and carefully examined
by SAXS and x-ray diffraction (XRD). Different heat

iii
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treatments were used to seek the most random Ga
distributions. Good agreement between theory and experiment
was found for x<0.05, consistent with completely random
mixtures of Al and Ga, while clear evidence of Ga
precipitation was found for higher x. The effect of x on the
lattice parameter of Al;_,Ga, alloys has been measured to
high precision on the basis of the combined SAXS and XRD
- analyses. The results demonstrate that SAXS can be used to
investigate atomic-scale alloy randomness in the amorphous

Si,_xGey alloys and they establish the accuracy expected.
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Chapter 1

Introduction

1.1 Small-Angle X-ray Scattering Research program at the

Colorado School of Mines

Small angle X-ray scattering (SAXS) is one of the well-
known experimental tools widely used to study the
microstructure of materials based on wave diffraction
phenomena. Microstructural features such as microvoids,
alloy segregation, or precipitation can change the optical
and electrical properties of materials. The SAXS technique
can provide structural information for samples in which
electron density fluctuations occur on a scale of about 1 nm
to 100 nm.

A research program focused on the determination of the
microstructure of amorphous(a)-Si-based semiconductors is in
progress at the Colorado School of Mines, sponsored by NREL
(National Renewable Energy Laboratory). One of the major
issues within this program is to study whether SAXS-
determined microstructure 1is responsible for the alloy-
induced degradation of the opto-electronic properties of a-
Si alloys, especially in a-SiGe:H and a-SiC:H materials.

One of the important applications of a-Si-based thin
films is to supplement or replace conventional energy

sources by the conversion of sunlight into electrical power
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using high efficiency, low cost and pollution free solar
cells. There are also many other applications such as thin
film transistors, electrophotography devices, memory
switches and light-emitting devices.

In the a-Si-based semiconductor family, alloying with C
and Ge 1is useful for raising and 1lowering the optical
bandgap, respectively. However, addition of C and Ge
generally lead to degradation of the opto-electronic
properties that are important for device applications.
Little is known about the atomic-scale structure of these
alloys. The alloy diffuse scattering contribution to SAXS
intensities offers a potential new method for examining the
atomic-scale structure of such materials and was considered
carefully in this study. Accurate meashrements and
interpretation of this contribution to the SAXS could 1lead

to new information relevant to understanding the alloy

degradation effects.

1.2. Purpose.

Most materialé which are dealt with in our NREL-
supported research are a - Sij . GelH,, a - 8i; , CH,, or
a- Sil_YHy, consisting of two or more elements in a wide
range of composition. The atomic scale electron density

fluctuations cause alloy diffuse scattering that is
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composition dependent. In this thesis, an investigation will
be made of the SAXS-determined alloy scattering from
aluminum-gallium binary alloys as a model system. The major
goals are to establish the accuracy with which this
contribution may be extracted from SAXS data and to test the
agreement with available theory. As the gallium content of
the alloy is increased from 0 at% to 10 at%, the changes in
alloy scattering intensities will be carefully investigated.
The results should establish the potential of using such
intensities to improve our understanding of the a-Si-based
alloys mentioned above.

Some preliminary work addressing the alloy scattering
issue by SAXS was done by Chen using a-SiGe:H and a-SiC:H
samples [1]. Chen compared the SAXS-determined alloy
scattering intensities and theoretically calculated
scattering intensities. However, the conversion to absolute
electron units was not checked or calibrated by some
independent tests. Also considered in this thesis are
additional diffuse scattering mechanisms that may contribute
to measured scattering intensities and were not discussed by

Chen [1].
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1.3 Choice of Aluminum Gallium System (Al;_,Ga,)

The Al-Ga alloy system is chosen as a model system for
the following reasons. The solubility of gallium in aluminum
is 8.8 at% at room temperature [16]. This high solubility
is probably due to the fact that Al and Ga are in the same
column of the periodic table and their atomic radii are
nearly equal. Thus, random alloys are expected for
X < 0.088 and the Laue monotonic expression should be

valid. Preparation of thin foils should be straightforward

with available equipment and materials. Also, the Al,_,Ga,
system is close in atomic number to the amorphous 8ij;_ ,Ge,
semiconductor alloys of interest in the related work at CSM.

The accurate determination of the diffuse scattering from

the random Al;_,Ga, alloys should lead to a determination of
whether the a - Si;_,Ge,:H alloys being developed for solar
cells are random or not. This may be a critical issue with

respect to their opto-electronic properties.

1.4 Approach
The approach taken in this thesis research involves the

following five steps:
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i) Investigation of the slit-length smearing contribution to
SAXS measured intensities. This involves careful bean
profile study and is relevant to absolute intensity units.
ii) Preparation of a set of Al; ,Ga, alloys and
characterization by standard X-ray diffraction. The X-ray
diffraction provides lattice parameters and helps determine
whether the alloys contain a second phase (Ga precipitates).
iii) Conversion of the measured intensities to absolute
electron units (for ease of comparison to theory).

iv) Comparison between the measured SAXS intensities and the
theoretically calculated intensities of the model systenm,
i.e. Al;_,Ga, alloys.

v) Analysis of alloy randomness from the measured SAXS

intensities and the X-ray diffraction data of the Al; ,Ga,

alloys.
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Chapter 2

Theoretical Background

2.1 Scattering Mechanisms

When we define an electron density function, p(r), at
location ¥, and average electron density p over the volume
of concern, the difference between p(¥) and p is called the
electron density fluctuation function, 7(¥), at location r.
7n(¥) causes the SAXS signals, which vary with scattering
angle depending on the scale and magnitude of the
fluctuations. The X-ray intensity scattered from a material
at angle 26 relative to the incident beam is written as a

. 4 rsin6 .
function of the momentum transfer, q = 0 (A is the X-

ray wavelength). It is useful to separate the measured
scattered intensity, Ig.(gq), into two distinct components in

the low angle region (q < 6 nm t):
Ine(q) = In(q) + Ip(q), (2.1)

where Iy, represents the scattered intensity due to the

electron density fluctuations on a microstructural scale

7 :
from about 1 nm to about . The dquij, is the smallest q
9min
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is about 30 nm

accessible by an experiment. Typically,
min

in the CSM system.

I, represents the diffuse intensity from electron
density fluctuations on a scale less than 1 nm. Diffuse
scattering implies little or no angle dependence, and in the
literature is often ignored or just subtracted assuming it
is a constant background and no longer considered in the
analysis of the usual quantity of interest, Iy(q). Here, Ip
is of primary interest and it is subdivided into three

distinct contributions:

Ip = Ijc + Itq * Ipus (2.2)

where I;. is the incoherent Compton scattering, I.q is the
thermal diffuse component, and Iy is the Laue monotonic
diffuse contribution. Iy is the focus of this research. The
next three sections will develop theoretical expressions for
each of the diffuse contributions. The expressions and
magnitudes will be given in electron units (eu). There are
more scattering mechanisms that need to be considered for
polycrystalline samples, double Bragg scattering (DBS) and
dislocation scattering, both dependent on gq. This scattering

may be important in cold-worked (e.g. rolled) metal. The
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details of these mechanisms will be developed in sections

2.1.4 and 2.1.5 for pure Al.

2.1.1 Laue Monotonic Scattering

When we consider a sample consisting of more than one
element, there is X-ray diffuse scattering known as Laue
monotonic scattering. Assume there is a simple lattice whose

nodes are occupied by different atoms A and B 1in the

relative atomic fractions C, and Cgz, the atomic form
factors being f, and fz. If the A and B atoms are randomly
distributed, there is no extra peak, but instead a weak
continuous background. This is <called Laue monotonic
scattering. Under the assumption of a perfectly random
alloy, the Laue monotonic scattering intensity in electron

units can be written as [2]

I y(random)=CpCg(fg-£,)2. (2.3)

When we consider the SAXS measurement range (0<g<6 nm™1),
the atomic form factors are essentially equal to the atomic
numbers Z, and Zg. This means the Laue monotonic scattering
is independent of scattering angle in this small angle
region. For the Al,_,Ga, binary system, the Laue monotonic

scattering intensity can be expressed as
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I;y(random)=x(1-X)(2g,-2a1)2 = 324x(1-X). (2.4)

The comparison between this simple theoretical
expression and the experiments for various X can provide
information on the alloy randomness. Deviations can be due

to clustering, precipitation, or short range ordering ([3].

2.1.2 Incoherent Compton Scattering

When we consider the scattered radiation from one bound
electron, the total intensity scattered per electron
(coherent+Compton) is given by the classical formula of
Thomson. It can be written as the sum of elastic scattering
(coherent scattering, I.,,) and 1inelastic scattering

(incoherent Compton scattering, I;,.) [4]:
Ie=IcontIic- (2.5)

For the coherent scattering, the scattering power of the

electron is f.2; i.e. the coherent scattering intensity is

Icon=Iefe?/ (2.6)
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where I, is the intensity given by Thomson's formula and fg
is the scattering'factor of one electron. From Egs. 2.5 and

2.6, the incoherent Compton scattering can be written as
I;c=Io(1-£.2). (2.7)

The scattering factor f_, is unity for g=0 and decreases with
an increase in q, the decrease being more rapid if the
electron wavefunction 1is more extended. Inversely, the
incoherent Compton scattering is zero at g=0 and increases
with q.

For a material consisting of a single element of atomic
number Z, the incoherent Compton scattering can be written

as

Z Z
Iie=Ie T(1 - £42) = Io(2 - X £42), (2.8)
=1 j=1

where f.; is scattering factor for the jth electron. In Eq.

2.8, the second term is the atomic form factor,

Z
£(q)= 3 fo - (2.9)
5=1
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Therefore, the incoherent Compton intensity can be written

in electron units as [4]

I;.(eu) = IIiC =2 - f(q). (2.10)

e

Values of f(q) has been calculated for Al [4, 5, 6 ].

2.1.3 Thermal Diffuse Scattering (TDS)

The atoms of a solid vibrate with an amplitude which
increases with temperature and does not become zero at the
absolute zero of temperature because of the zero point
energy. This atomic vibration of atoms, away from their
equilibrium positions, is the origin of TDS.

For a monatomic solid, the TDS intensity can be written

in the high temperature regime (equipartition limit) as [3]

_£2KkgT
mVlz !

Ita (2.11)

where m is the mass of the atom, V; is the longitudinal
phonon velocity (transverse phonons do not participate due

to the geometry of the SAXS measurement), and kg is the
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Boltzmann constant. In the small angle region, the atomic
form factor f can be replaced by Z as mentioned in section

2.1.1. Therefore, Eq. 2.11 can be expressed as

. _ Z%KgT
td mvlz

. (2.12)

As shown by Eq. 2.12, TDS has no q dependence in the region
of the SAXS measurements. The numerical value of I,y for

pure Al is 0.4 eu at room temperature [7].

2.1.4. Double Bragg Scattering (DBS)

Consider a sample composed of small crystallites and a
ray reflected from one of these. When the reflected ray
meets a second crystallite at the Bragg angle, it is again
reflected. If the two crystallites are parallel, the doubly
reflected ray emerges parallel to the incident ray. Double
reflection can therefore give rise to small angle
scattering.

When a metal is cold-worked, there is a considefable
increase in the small angle intensity in the angular range
of one or two degrees. This can be partly due to a reduction

in grain size and introduction of strains extending the
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intra-grain SAXS contribution out to larger angles. It also
is due to cold work breaking up the larger grains into small
sub-grains .with slightly varying orientations. Then, the
beam first reflected has a much higher probability of
meeting suitably oriented grains for the second reflection
than was the case for a sample in which neighboring grains
have a completely random orientation.

Warren [8] reported the small angle intensity due to
inter-grain multiple scattering from cold-worked copper with
point-collimation SAXS geometry. The eduation derived for
the intensity due to DBS in electron units is valid for

random grain orientations and was given as [8]

A .
q

45 Pvy _ m3(6; (1 + cos426?i){1 _(1- 7%

A =
16 v, 4u | sin%@, sin26, g;

b

where m is the Bragg plane multiplicity, v, is the unit cell
volume, 6; is the Bragg angle for the (hkl) reflection, g;

2,utsin26?-l

, M 1is the linear adsorption coefficient, t is
cos 26;

is
the thickness of sample and v, is the volume per atom. From

Eg. 2.13, the multiple scattering intensity can be estimated

for pure polycrystalline aluminum. A is calculated to be

ARTHUR LAKES LIBRARY
COLORADO SCHOOL OF MINES
GOLDEN, CO 80401 —
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1.84 eu/nm. Eq. 2.13, is valid for pinhole collimation. It
is therefore necessary to smear the Ipgg calculated from Eq.
2.13 before applying it to the line-collimation system used

here.

2.1.5 Dislocation Scattering

The small-angle signal has often been observed to vary
as g2 for a line collimation system in the range of g from
about 102 to 1 nm~l. One possible explanation of this
behavior has been given [9] in terms of dislocations, in
analogy to the case of crystalline materials [10, 11]. This

behavior will be investigated for cold-worked Al.

2.2 Slit Collimation

An ideal SAXS apparatus would involve pinhole
collimation with a high intensity X-ray source. Pinhole
collimation allows the most straightforward inversion of the
data to obtain the real space density fluctuation
information. However, the intensity is limited in pinhole
collimation, unless one takes advantage of synchrotron
facilites [12]. Therefore, many experimental systems for
SAXS, including the Kratky system used here, employ slit
collimation in order to provide sufficient scattered

intensity. As a result, the SAXS-determined intensity
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contains various distortions. In order to convert such
distorted intensities by sli£ collimation to ideal pinhole
intensities, it is necessary to take into account smearing
of the ideal curve profile. The slit width is the narrow
dimension of the rectangular beam and its effect is
negligible in most cases compared to slit length effect. As
shown by several authors [18-22], the the slit length effect
is important and depends on q. In this thesis, the higher g
region is of importance and in order to examine the diffuse
scattering an understanding of the slit smearing effect in

this region is needed.

2.2.1 Beam Profile

In order to test the slit smearing of our line-
collimation system, it is necessary to study the beanm
profile at the detector slit plane and its dependence on the
dimensions of the detector slit. A slit length function F(x)
represents the intensity profile versus position X in mm
from the center of the detector slit. From F(x), the slit
weighting function P(t) can be obtained and then used to
calculate a smeared scattered intensity, J(q), from the
pinhole intensity I,(q). The symbol t is the coordinate from

the center of primary beam (at the detector slit) in the
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direction of slit length but has been converted from x to

the same units as q (nm~1), i.e. [17]
=2~ (2.14)

where a 1is the distance between the sample and detector

slit. The smearing is performed by integration [17]:

J(q)= [ B(t) Ip((q® + t?))dt (2.15)

— 0

P(t) will be determined from the experimentally measured
F(x) profile. It is important to note that a diffuse
component in Ip, due to its lack of a g dependence, should
not be affected by the slit smearing integration shown in

Eq. 2.15.

2.2.2 Two-Phase Model

Under suitable 1line-focus <collimation, a useful

invariant is given by [18]

ds

Q= Y qa(J(q)ldq, (2.16)

O —38
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where any diffuse component has been subtracted so only the
microstructural component [Eq 2.1, where J(q)=Iy(q)] is
involved. The effective length of the primary beam, L, and

2 7L
the parameter qg, which is defined as 7 can both be
a .

determined from the slit 1length weighting function P(t).
When a two-phase system is assumed, such as a sample which
has a matrix of uniform electron density and precipitates
with a different electron density, the relation between Q
and the volume fraction of the precipitates, V¢, can be

written [19]

Q = 2722V, (Bp P Ve (1 - Vy), (2.17)

where Ap = (pn - Pp) is the electron density difference

between matrix and precipitates.

2.2.3 Test of Infinite Slit Approximation

Equation 2.16 is valid for the so-called "infinite slit
approximation" [20] and it is important to establish its
range of validity for the actual finite slit length in the

experiments. Combining Egs. 2.15 and 2.16
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=q7j B(t)Ip(Vq’ + £°)dt]qdq. (2.18)
! .

— 0

For an infinite slit, the properly normalized P(t) will be

given by P(t)=1/qg so that

[+ ole o]
= | J1,(Jg® + t?)dtqdq, (2.19)
00

while for a finite symmetric slit such that P(t)=0 for

[t] > tpax

© tymax

QOfin = qsI JP(t)Ip< q® + t?)dtqdq. (2.20)

The validity of Eq 2.19 will be affected by the
particle size of scattering sources of the SAXS. Assuming
spherical particles, Ip, can be approximated for our

experimental q range by Gaussian function

2.2
Ip(q) = e ¥4 (2.21)
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where k2=R2/5 and R is the sphere radius. Substitution into

Jr

Eq. 2.19 vyields Q. =m. Once the function P(t) is

determined for the experimental collimation system, a
comparison can be made to the value of Qf;, from Eq. 2.20.
This analysis should lead to the size limit on R for the
validity of the infinite slit approximation for our SAXS
system. Since the experimental range is only up to 6 nm™!
rather than OO, the errors in Q will also need to be

examined due to this limitation.
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Chapter 3

Aluminum Gallium System

3.1 Aluminum-Gallium Binary Phase Diagram

According to most reports [21-24], gallium and aluminum
form a simple eutectic system. The most recent Al-Ga phase
diagram is provided by Murray [25] and is shown in figure
3.1. The eutectic is close to the Ga end of the diagram: 97
at.% Ga at 27.5°C (the melting temperature of Ga). Above the
Ga melting temperature, numerical values of the solubility

of Ga in fcc Al are shown in table 3.1 [25].

There is 1little data on lattice parameter versus Ga
content of the solid solution phase. The lattice parameter
of an alloy with 0.53 at.3 Ga was found to be practically
identical with that of pure aluminum (0.40494 nm) [26], but
it increases to a value of 0.40504 nm at 0.64 at.% Ga [26],
which gives a rough extrapolated value of 0.4057 nm at the
solubility limit of 8.8 at.% Ga. The density also increases

3

linearly to reach a value of 2.74 g/cm” at 1.02 at.% Ga

[23].
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Table 3.1 Equilibrium maximum solid solubility of Ga in Al
for different temperatures (from the phase diagram of Murray
[27].

T (TC) 150 200 250 | 300 |3s0 400 |S500 |550 |600

C (wt.%) |20 19 18 |17 |16 |1s 13 10 |6

C (at.%) |8.8 8.3 7.8 7.3 6.8 6.4 5.4 4.1 2.4

3.2 Diffusion of Ga in Al

When a melt composed of Al and Ga atoms is cooled to
solidification, Ga and Al single crystal grains are formed
during the cooling processes. In order to obtain a more
random alloy, it is necessary to do proper heat treatment to
enhance the diffusion mechanism and decrease the Ga
precipitation. The diffusion of Ga in Al results from two
distinct mechanisms: grain boundary diffusion and lattice
diffusion. Grain boundary diffusion is the process of atomic
transport due to a random jumping motion of the atoms along
the highly disordered grain boundaries (as compared to
adjacent grains) consisting of two-dimensional regions only

a few atomic sizes in thickness (0.5 -1 nm).
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Lattice diffusion is the process of atomic transport in
the interior of the relatively defect-free, single crystal
grains. The activation energy for the diffusion process
along grain boundaries, in general, is much smaller, and
therefore the atomic transport orders of magnitude faster
than that of lattice diffusion. The grain boundary diffusion
and lattice diffusion always occur at the same time, but
lattice diffusion is the dominant term in the high
temperature region, and grain boundary diffusion is dominant

in the low temperature region [27, 28].

A mean penetration distance or diffusion length at some
temperature and time X(t) is provided by solving Fick's law

of diffusion [29].

X(t) = JD(T)t (3.1)

where t is the time allowed for diffusion at temperature T,
and D(T) is the diffusion coefficient at temperature T. In
Eq. 3.1, D can be separated into D, and D; for grain

boundary and lattice diffusion, respectively.

The relation between the diffusion coefficient and

temperature had been investigated for Ga in Al [30, 31] and
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a sensitive and unusual dependence of D, and D; on

temperature has been observed. In this study, the goal is to

prepare random Al;_,Ga, alloys from melts composed of Al and

Ga atoms. Thus we will consider only lattice diffusion of Ga

into the relatively defect-free Al single crystal grains.

3.3 Lattice Diffusion of Gallium in Aluminum

The lattice diffusion coefficient D; can be written as
a function of temperature, and follows the traditional

exponential law

D, = Dy e Ea/ksT, (3.2)

where E, is the activation energy for the inter-diffusion of
Ga atoms and Al atoms within the fcc lattice, kg is
Boltzmann's constant, and T is the temperature in Kelvin.
Peterson and Rothman [31] studied the impurity diffusion of

Ga in Al and reported

D; (in cm? / s) = 0.490exp[~-1.2625 (eV) / kgT] (3.3)
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Based on this expression, the diffusion coefficients D; at
various temperatures are shown in table 3.2. A mean
diffusion distance X(t) can be calculated from eq. 3.1. In
order to estimate the time for complete lattice diffusion of
whole grains, it is necessary to know the average grain
size. For example, D; is 1.5%X10% cm? /s at 400°C and
assumming an average grain diameter of 20um, then 7.4 hours
are needed for Ga to diffuse from one side to the other.
From these appropriate heat treatments can be designed to

try to produce random alloys.

Table 3.2 Lattice diffusion coefficient of Ga in Al at
various temperatures.

T (°C) 100 | 150 | 200 | 250 | 300 | 350 | 400 | 450 [ S00 | 550

D, 3.5 3.711.5 |2.9 3.4 |2.6 1.5 7.0 |2.6 |8.3
(cm2 / S) xlo—ls xlo-l6 xlo—“ Xl0—13 xlo-ll x10-“ xlo—lo xlo-lo x10—9 X10-9
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Chapter 4

Experiment

4.1 Description of Small Angle Scattering Equipment.

Figure 4.1 shows a schematic diagram of the Kratky
SAXS system which consists of a slit collimating unit
mounted in a vacuum chamber. The 12 kW, rotating Cu target,
X-ray generator provides the source X-ray beam. Data are
collected at pressures below 30 millitorr in order to
minimize the air background scattering. The detector used
is an Ar-Xe gas-filled proportional counter with a high
efficiency of 90 % for CuKa radiation. With this detector,
a low dark intensity (absence of X-ray beam) is measured
(0.16/s). This low value is crucial for allowing studies of
the weak diffuse scattering. This apparatus also gives high
data reproducibility, which is demonstrated with routine
tests of standard samples such as Lupolen (a polyethylene
standard supplied by the manufacturer of the SAXS system).
The wavelength of pure CuKa radiation is 0.15418 nm, which
is selected by a graphite crystal monochromator mounted in
front of the entrance slit. The slit settings for the
system are: entrance slit width 130 um, sample slit length

14 mm, and detector slit dimension 340 umx16 mm.
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These experiment settings are considered a close
approximation to the infinite slit setting of line-focus
collimation [32]. Just how close is examined as part of
this research. A stepper motor and step programmer drives
the detector to predefined angles, and an IBM-PC controls
the data collection. Usually a total measurement time is
about 13 hours for collecting a data set of 120 points from

0.1 to 6 nm™}.

4.2 Preparation of All_xéax Alloys

A melting and step-cooling method was chosen to make a
set of Al,_,Ga, alloys with x=0, 0.025, 0.050, 0.070 and
0.100. The last composition exceeds the maximum solubility
according to the phase diagram in Fig 3.1 so evidence of
precipitation is expected. The Ipreparation of Al,_,Ga,
alloys can be divided into the following steps.

i) Preparation of the pure Al and Ga.

ii) Melting and step-cooling or quenching

iii) Rolling into foils of suitable thickness.

iv) Annealing

4.2.1 Preparation of the Al and Ga
The purity of the starting Al and Ga was 99.999% and

99.9999%, respectively. Figure 4.2 shows the schematic
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diagram for the pure Al block that has a hole on the center
for mounting the Ga inside. Before inserting the pure Ga,
it was necessary to remove the impurities on the surface
and surface oxidization of the Al block and measure the
exact weight ratio of Al and Ga to yield the selected alloy

compositions given above.

Al block
hole for Ga

Figure 4.2 Schematic diagram of Ga inside of Al block.
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Therefore, the Al block was etched in a NaOH solution (NaOH
(1g)+DI-H,O (100 ml)) for 5-6 min, then, washed for 10 min
in DI-H,0. After etching, the Al block was weighed to a
precision of *0.0003 g. The appropriate amount of Ga was
then weighed to a similar precision for each alloy. Table
4.2.1 shows the amounts of Al and Ga for each alloy and the
weight before and after melting. From this table, one can
see there was no detectable loss of Ga and Al during the

melting procedure.

Table 4.2.1. Mass of Al and Ga of each alloy and
the total mass before and after melt

Sample #2 #3 #4 #5
x=0.025 |x=0.05 |x=0.07 |x=0.10

(g9) (9) (9) (9)
Al 0.8370  |0.8205 |0.9778 | 0.8633
Ga 0.0555 |0.1116 |0.1901 |0.2478
Al+Ga (before melt) |0.8925 |0.9321 [1.1679 |1.1111
Al+Ga (after melt) |0.8926 |0.9320 [1.1679 |1.1111

* All values in the table have an uncertaihty +0.0003 g.
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4.2.2 Melting and Step-cooling

Next, the samples prepared in the first step are
melted in a tube furnace with programmable temperature
control and step-cooled from 670°C to room temperature. In
order to avoid surface oxidation of the samples during the
melting and the cooling process, a graphite boat was
specially designed for the samples. Figure 4.3 shows the
graphite boat and tube furnace. Before pushing the graphite
boat containing the samples into the high temperature zone
of the furnace, the sealed tube was alternately evacuated
and purged several times. A constant flow of high purity
helium gas was then fixed at 4.5 SCFH. The sample was then
pushed using the thermocouple rod into the furnace whose
temperature was prestablized at 670°C. The Al and Ga metal
mixture was left in the melted state for three hours to
homogenize, then cooled to 450 °C at a rate of -10 °C/min.
The sample was kept for 3 hours at 450 °C and then cooled
to room temperatue at the rate of -0.4 °C/min in order to
obtain the maximum solubility of Ga in Al (see Fig. 4.4 and

Fig. 3.1).
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graphite cover

graphite boat

fused silica

\

gas flow

thefmocouple

valve
Cap
Y
A programmer
vaccum gas
T(c)
670°C
(b)
>
distance

Figure 4.3 Schematic diagram of graphite
boat (a) and furnace (b).
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Figure 4.4 Melting and step cooling diagram of AlGa.
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4.2.3 Sample Rolling and Heat Treatment

When the above two steps were completed, the SAXS
samples were made into the form of foils by cold rolling.
The sample thickness should be 70-75 gm, corresponding to
about one absorption length of the Cu X-ray. This cold work
procedure may leave the samples in a state of residual
stress and lead to possible effects in the SAXS due to
double Bragg scattering and dislocation scattering;
Therefore, additional annealing was applied to one set of
samples to reduce rolling damage, increase grain size and
perhaps cause further homogenization of the solid solutions
by lattice diffusion at high temperature. This set of
samples was annealed at 400°C for 5 hours. All samples
studied are listed in table 4.2.2. In the table, #1lb, #2b,
#3b, #4b, and #5b were used for checking the aging effect
of lattice parameters after 80 days (#lba, #2ba, #3ba,
#4ba, and #5ba). These samples are the other pieces of #1a,

#2a, #3a, #4a, and #5a respectively.
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Table 4.2.2 Labels of Al,_,Ga, alloys

as-rolled annealed aged
(not annealed) (400x5hr) (80

days)
Pure Aluminum | #1la #1b #lah #1ba
Alp.975G30.025 #2a #2b #2ah #2ba
Alp 95Gap.05 #3a #3b #3ah #3ba
Alg.93Gap. 07 #4a #4b #4ah #4ba
Aly oGap #5a #5b #5ah #5ba

4.3 SAXS Data Reduction Procedures

4.3.1 Intensity Normalization

Most samples examined in the research at CSM are
usually thin films deposited on a substrate and their
thicknesses are different. Thus, in order to compare the
SAXS data among different samples, a preliminary procedure
is needed to subtract the substrate's contribution from a
separate scan of the substrate only, correct for
absorption, and normalize for the incident beam intensity.
When the sample is not on a substrate, a scan is made with
no sample in the chamber (blank scattering) to correct for

scattering from the tail of the direct beam and parastic
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scattering from the slit system. This can be treated the
same as substrate scattering in the expression for

normalized intensity [33]:

[(In(q) — Ig] — [Is(q) — Iq e ME°f
Poﬂftfe_#ftf‘/‘sts !

In(q) = (4.1)

where the quantities in the above equation are defined as
follows:

I,= measured intensity from film+substrate.

I= meaéﬁred intensity from substrate only.

I4= dark background count rate (0.16/s).

He, Mg =linear absorption coefficients of film and
substrate.
t¢, tg =thickness of film and substrate.
P,= incident intensity with no sample mounted and
measured by moving slit method [34] just before a
scan begins.
Using measurable quantities, the above equation can be

rewritten as

P,
[In(g) = Ig] - [Ig(q) - Id];f‘

In(q) = 5 = (4.2)
Pf+sln( 2 )

f+s
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where Ps,, and Pg represent the incident intensity (also
measured by the moving-slit method) with sample
(film#substrate) or substrate, respectively. For the case
of a sample in the form of a foil, like the Al,_,Ga, alloys
of interest here, Ig(q) is replaced by the data from the
blank scan and Pg,s by Ps. Analysis is handled by a computer

program.

4.3.2 Conversion of Normalized Intensity to Absolute Units.

In order to directly compare theoretical and
experimental values, it is necessary to convert Iy(g) into
absolute units, known as eiectron units (eu) or
electrons/atom (e/a). The conversion equation can be

written as [1]:

iV, a
In(a)——1] (4.3)
N I, A

J(q)

where
J(q) = intensity in electron units (electrons/atom)

V, =average atomic volume of the sample

A area of the detector slit

a distance between sample and detector slit
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Io(Thomson cross section of electron)= 7.94 x 10726 cm2

4= linear adsorption coefficient of sample (cm™1)

which can be found as follows:
_ M
H = (Z[("—)j_wj_])dsam
i d

(gdi = mass absorption coefficient of element i in

sample.

w;= weight fraction of element i in sample, and

dgan= mass density of sample.

For the SAXS system used here, A=0.0544 cm? and a=20 cm.

4.4 Measurement of the Slit Function F(Xx)

In order to understand the slit smearing effect, the
slit length function F(x) and the associated weighting
function P(t) defined in the previous chapter need to be
found. The measurement of F(x) was made by recording the
intensities at the detector plane through a 30 ugm slit in 1
mm steps along x. F(x) was then fitted by a polynomial to
provide a smooth function and establish the effective
length of the beam, L, and the slit parameter qg. This
function was then convoluted with the detector slit, a step
function 16 mm in length, and normalized. This normalized,

convoluted beam profile, is then P(t).
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4.5 Test of slit Smearing of Lupolen

For this test, a standard polyethylene sample
(Lupolen) was used. A comparison is made between SAXS data
obtained at CSM (line collimation) and a set of SAXS data
(pinhole collimation) which was obtained at the Oak Ridge
National Laboratory (ORNL) using the same standard
polyethylene sample. The ORNL data were smeared via eq.
2.15 using the P(t) determined by the method in section

4.4,

4.6 X-ray Diffraction (XRD)

The structure and lattice parameters of the Al,_,Ga,
alloys were carefully investigated by XRD. The XRD
experiments were done on the as-rolled series, annealed
series and aged series as listed in table 4.2.2.

To obtain the XRD data, an IBM PC data collection
system attached to a Rigaku X-ray diffraction unit was
used. The X-ray source of this system is the same as
mentioned in section 4.1. The intensities (counts/s) were
recorded by the IBM computer as the angle 26 increases in a
‘Step-wise manner. The XRD data (intensity versus 260), were
fitted by a program to obtain the exact peak positions for

each alloy. The finding of exact positions of peaks is
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critical to calculate lattice parameters. For the

calculation of the lattice parameter of each alloy, the

cos?f

™ extrapolation method was used as described in
sin

reference [35]. The main idea of this method can be
described as follows.

i) Calculate the lattice constant a for each line,

2

s 6 .
ii) Plot the several values of a versus c?sé?’ which should
sin

cos?d

be 1linear, and the intercept at =0 provides the

sin

lattice parameter of the sample.
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Chapter 5

Results

5.1 Slit Smearing

5.1.1 Slit Length Weighting Function

Figure 5.l1a shows the original beam profile F(x) and
convoluted profile F'(x') of the Kratky system and Fig. 5.1b
shows the weighting function P(t) obtained from F'(x') using
Eq. 2.14. The original profile F(x) was normalized to unity
at x=0 and convoluted with a rectangular step function
representing the 16 mm wide detector slit. In Fig. 5.1a, DS
represents detector slit and SS represents sample slit. The

convolution integral can be written

F'(x')= | F(X)F(X - x')dx (-16< x'< 16 mm). (5.1)

— o0

Fitting with a polynomial yields

F'(X') = 0.974 - 7.297 x 10 4x1-3.669 x 10 3x "

+1.717 x 10 9% +4.408 x 10°6x*

- 8.965 x 10 %x® ~1.638 x 109x®

(=19 < x'< 19 mm). (5.2)
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From Eq. 5.1 and Eq. 2.14, the slit weighting function P(t)

can be written as

P(t) = 0.974 - 3.578 x 10™>t - 8.943 x 10722
+2.025 x 1074t + 2.549 x 1073 ¢4
- 2.542 x 10°%¢% - 2.277 x 10758

(-5.3 < t £ 5.3 nm 1) (5.3)

Figure 5.la shows a good agreement between data points and
line fits of the original and convoluted profiles by
polynomials. From Egs. 5.2 and 5.3, the effective width of
the primary beam L and the value of g4 can be found. L is
24*f1 mm which is the rectangular width (area/height). The

ds can be determined by using the formula

_ ) (5.4)

Its numerical value is 4.9%0.2 nm~l and the uncertainty is
due to the uncertainty of L which came from the
determination of the area under F(x) curve from the data

points.
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5.1.2 Smearing Test Using P(t)

In order to compare the line-collimation data and
point-focus ORNL data, the latter are smeared using Eq. 2.15
and the experimental P(t), Eq. 5.3. The results are plotted
in Fig. 5.2. The units used in this case are the scattering
cross section per unit volume (cm~l) since a value for the
volume per atom is not known for this polyethylene material.
This figure shows the strong slit smearing effect in the low
q region, but the CSM data and the ORNL data agree well at
high q (922 nm™l) as expected for nearly g-independent
intensity.

The solid line passing through the CSM data is the
result of smearing the ORNL data, thereby demonstrating the
use of Eq. 2.15 and the validity of the slit weighting

function, Eq. 5.3.

5.1.3 Infinite Slit Approximation

Qo and Qf;, were calculated from Egs. 2.19-21 with the

P(t) in Eq. 5.3. Figure 5.3 shows the ratio Qtin versus the

(e @]
radius R of a spherical particle. In the figure, the filled
circles show the ratio when P(t) is the experimental
function given by Eq. 5.3. For P(t)=Eq. 5.3, there is

negligible error for R>6 nm, about 6% error for R=2 nm, and
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about 20% error for R=1 nm. Thus one will underestimate the
volume fraction of the second phase (via Egs.2.16 and 2.17)

if the particle size is very small.

10 lli11'7'7"TIIIl"'r;“"llT"'Tr'lIY‘Iilll'l
.2 o ORNL point-focus data -
3] o CSM line-focus data
.. 100 ~ ORNL smeared data
pe)
|
)
o
)
&
o
o
o 1
210
o
4
10-2 lellllll‘lleJ__j_jAJllllAlllllllllllllllljl
0 1 2. 3 4

q (nm-1)

Figure 5.2 The result of slit smearing effect of standard
polyethylene sample (lupolen).
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5.2 Pure Al Scattering Mechanisms

Figure 5.4 shows the experimental SAXS data from the
pure Al sample (#la) and the various contributions expected
from addition of DBS, TDS, and incoherent Compton scattering
calculated for pure Al. The DBS, TDS and incoherent Compton
scattering are theoretical results from Egs. 2.10, 2.12, and
2.13. The DBS term was smeared by using Eq.2.15. The
experimental data and the addition of I;., Ipgg and I 4 agree
well in the high q region, but they do not agree well in the
low q region. The agreement at high q shows we have
correctly accounted for all the diffuse scattering
mechanisms. The disagreement at low g 1is probably due to
surface roughness and dislocation scattering. The surface
roughness effect is proportional to g3 if the roughness
scale is greater than 7 / qp;, and dislocation scattering is
proportional to g2 in the case of line collimation [36-38].
Figure 5.5 shows the pure Al scattering after subtraction of
I.q, Ipgs and I;. on a log-log plot. The dotted line was
least square fitted and its slope is -2.35. Its intermediate
value between 2 and 3 suggests a mixture of dislocation and

surface roughness scattering.
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5.3 Al,_,Ga, Alloys

5.3.1 X-ray Diffraction (XRD)

Figure 5.6 shows the XRD results for the as-rolled
series of alloys. There is no evidence of Ga peaks in the
figure. However, as X increases, the relative amplitudes of
the peaks change and their positions also slightly change.
This means that the structure of the as-rolled Al;_,Ga,
alloys is single phase as detected by XRD (fcc), and the fcc
lattice parameter increases slightly with Ga content. The
differences in relative intensities are due to different
rolling-induced textures. Figure 5.7 shows the change of the
lattice parameter with x. In the figure, a; represents the
fit of the lattice parameter just after the cold-work
(series a in table 4.2.2) and a, shows the fit of the
lattice parameter after the alloys were annealed at 400 °C
for 5 hours (series ah in table 4.2.2). When the sample is
reduced in thickness by rolling, a residual stress may
remain and partial recovery may occur, even at room
temperature [28]. Another set of XRD data was acquired after
aging the a series for 80 days at room temperature and these
are 1included in Figqg. 5.7. These data suggest an
approximately uniform drop in the lattice parameter for all

the alloys.
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Figure 5.6 X-ray diffraction data from as-rolled Al,_,

alloys. Vertical dotted lines show the Bragg 2 theta values
for pure Al.
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Figure 5.7 Alloy lattice parameter versus Ga atomic
fraction x. a; is the line fit of as-rolled series.
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as-rolled+80 days aging series.
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Table 5.1 lists the experimental lattice parameters and
Ga atomic fractions for samples studied. When the as-rolled
samples are aged at room temperature, a residual compressive
stress in the plane of the foil was apparently released such
that the lattice parameter of pure Al (0.40494(2) nm) is the

same as 0.40494 nm which was reported in JCPDS file [39].

AHTHUR LAKES LISRARY
COLORADO SCHOOL OF MiNES
GOLDEN, CO 80401 —
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5.3.2 SAXS Results for Al,_,Ga, Alloys

In Brder to examine the Ga alloy scattering effect in
Al,_,Ga, films, the separation of Laue monatomic
scattering, 1I;y, from the measured SAXS intensities is
needed. As discussed in chapter 2, the measured intensity
consists of the addition of all diffuse scattering
mechanisms such as TDS, incoherent Compton scattering, Irms
and other scattering mechanisms due to the surfacé
roughneés, dislocations, DBS, and electron density
fluctuations in the sample (microstructure). If the pure Al
contribution is subtracted and it is assumed that the TDS,
DBS, Compton scattering, surface roughness and dislocation
scattering are independent of x then the measured intensity
after this subtraction has only two components, I;y due to
Ga alloying and scattering from microstructure, which is
probably due to Ga precipitation.

Figure 5.8 (as-rolled) and Figure 5.9 (annealed) show
the SAXS results of Al,_,Ga, alloys. The dashed lines in
Fig. 5.8b and Fig. 5.9b indicate the alloy scattering
intensities. These lines were determined by fitting the data
points in the range 4< q <6 nm~l after subtraction of the

pure Al contribution from the alloys.
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Figure 5.8 (a) SAXS intensity of as-rolled series
(b) SAXS intensity after subtraction of pure Al (#1a).



57

T-4798
104 I T T | |
s 10°
~N
A
2
2 10
-
0
[=]
s 10"
[=]
-
w0
¥ 10°
wn
107" ‘ : ; ' l
0 1 2 3 03 P
4
10 T T ! ' I
v #5ah—#1ah
o #4ah—#1ah (b)
s 10°F o #3an—glan |
E X o #20h—#1°h X
B & alloy scattering (Ipy)
>
&
o 107
=
Q
+
=
.'-1 1
w 10
e
[/p}
10° ' . ' ' -
0 1 2 3 4 6
q (nm"l)

Figure 5.9 (a) SAXS intensity of annealed series.
(b) SAXS intensity after subtraction of pure Al (#1la).



T-4798 58

The figures suggest alloys #2a and #2ah are almost perfectly
random (intensity is almost constant), but other samples as-
rolled #3a, #4a, #5a and annealed #3ah, #4ah, #5ah show the
sharp increases of SAXS intensities in the small q regions.
These are probably due to Ga clustering and precipitation
based on the phase diagram in Fig. 3.1. This contribution
due to Ga precipitation is negligible in the large q region
compared to the alloy diffuse scattering intensity.

In the two-phase model (see section 2.2.2), the volume
fraction of the second phase, V¢, can be calculated from
Eq. 2.17 using the experimental Q value (Eq. 2.16),' where
the second phase is most likely Ga precipitates according to
the phase diagram (Fig. 3.1). Table 5.2 shows the Q values
(Al contribution to Q is subtracted) and volume fraction for
each alloy. The V¢'s in table 5.2 indicate a clear increase
in the Ga precipitation with increases in Ga content. They
also suggest that the annealed series [ah] has less
precipitation. However, this may not be true for the
following reason. If the Ga precipitates are large (>30 nm)
then their primary SAXS intensity will be below the
experimental g range and they will not be seen by SAXS
except for the "tail" scattering which should vary as

q'3.[40]. The comparison of the experimental and theoretical
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values of Iy allows
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another method of determining the

amount of Ga precipitation.

Table 5.2 Volume fractions and Q values for each alloy.

Sample #2a #3a #4a | #5a
[#2ah] [#3ah] [#4ah] [#5ah]
x=0.025 x=0.050 x=0.070 x=0.100

0 (eu/nm3) |46(3) 135(9) 251(14) 589(26)
[10(2)] [95(8)] [110(10)] [181(9)]

Ve (3) 0.024(2) 0.075(4) 0.147(6) 0.380(8)
[0.005(1)] | [0.053(4)] |[0.065(5)] | [0.116(6)]

Table 5.3 shows the experimental alloy scattering

intensities and Fig. 5.10 compares the experimental I;y with

the theoretical Laue monotonic intensities from Eq.

based on random alloying.

As one can

see,

2.4

theory and

experiment agree well until the x is greater than 0.050.

Table 5.3

Experimental
electron units.

(400°C x 5 h).

alloy

scattering
(a) as-rolled samples,

intensities in

(b) annealed samples

Sample #2a #3a #4a #5a

I;u(e/a) 7.7(3) 14.5(6) 18.5(8) 22.3(9)
(a)

Sample #2ah #3ah #4ah #5ah

I;u(e/a) 7.9(4) 14.8(6) 18.7(8) 23.6(9)

(b)
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Figure 5.10 Theoretical and experimental Laue monotonic
intensities for Al;_,Ga, alloys.
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The discrepancies for x=0.070 and x=0.100 are attributed to
Ga precipitation in these samples. In Fig. 5.10, the
difference between the experimental data points and the
theoretical curve can provide the quantitative amount of Ga
precipitation. Table 5.4a gives the numerical values of the
breakdown of Ga in solid solution in the random alloy (xsi
and as Ga precipitates (Xp).

In Table 5.4b, Xp using V¢ based on Q is much smaller
compared to that calculated by using I;y, because of missing
Q due to very large Ga precipitates which can not be

detected.

Table 5.4 Amount of Ga in solid solution (xXg5) and as Ga
precipitates (Xp) based on (a) difference in experimental
and theoretical 1I;y and (b) experimental integrated SAXS
intensities (Q, V¢ from table 5.2).

Sample | #2a #3a #4a #5a
[#2ah] [#3ah)] [#4ah] [#5ah]
Xg 0.0244(10) 0.0470(19) 0.0608(28) 0.0744(32)
[0.0250(13)] | [0.0480(19)] | [0.0615(28)] | [0.0791(32)]
Xp 0.0006(10) 0.0030(19) 0.0092(28) 0.0256(32)
[0.0000] [0.0020(19)] | [0.0085(28)] | [0.0209(32)]
| Xo+tXo | 0.0250 0.0500 0.0700 0.1000

(a)
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Sample | #2a #3a #4a #5a
(#2ah] [(#3ah] [#4ah] [#5ah]
X 0.0250 0.0494(2) 0.0688(3) 0.0968(3)
[0.0250] [0.0495(2)] | [0.0694(2)] |[0.0990(2)]
Xp 0.0000 0.0006(2) 0.0012(3) 0.0032(3)
[0.0000] [0.0005(2)] |[0.0006(2)] |[0.0010(2)]
| XgtXg 0.0250 0.0500 0.0700 0.1000

(b)

Table 5.4a shows that there is significant difference

in the amount of Ga precipitation (calculated by using I;y)
between the as-rolled series and the annealed series. This
shows the annealing effect (more lattice diffusion of Ga
into solid solution) of alloys. Combining the two results
shows that the annealing promotes diffusion of Ga into the
matrix, and also helps the growth of the Ga precipitates,
such that Q is reduced for the experimental q range. 1In

table 5.4b, the xg values are larger, but these values are

not acceptable, because 1large Ga precipitates were not
detected by SAXS (the Q values used to calculate_xp.values
were underestimated). Therefore, the xg; and x, values in

table 5.4a are considered to be more accurate.
In order to examine the possible shape of the Ga

precipitates detected by SAXS, the integral invariant ratio
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Q0/Q4s from O and 45 degree tilting was measured. This
method qualitatively measures the presence of oriented, non-
spherical features. Table 5.5 shows the integral invariant

ratio Qg/Q45 of one set of alloys.

Table 5.5 The integral invariant ratio Qp/Qus with increase

of x.
Sample #1lah #2ah #3ah #4ah #5ah
Q0/Qs5 [ 0.9(2) 1.0(3) 1.2(4) 1.3(2) 0.9(2)

When this ratio is less than unity, the scattering objects
are plate-like and oriented parallel to the sample surface,
but a ratio greater than unity suggests the objects are rod-
like and perpendicular to the sample surface. Sphere or
randomly-oriented non-spheres yield a ratio of unity. As one
can see in the Table 5.5, the ratio Qp/Q4s of the annealed
series 1is close to wunity. This suggests that the Ga

precipitates are randomly oriented or spherical in shape.

5.3.3 Correction of Lattice Parameter Data by SAXS Results
In view of the significant amount of Ga precipitation

in the x=0.070 and 0.100 alloys, corrections need to be made
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to the XRD data presented earlier in Fig. 5.7. Using the
numerical amount of Ga in solid solution (xg) in table 5.4a,
lattice parameters are replotted in Fig. 5.11. The quality
of the fits were substantially improved as indicated by the
better linearity compared to Fig. 5.7. For the improvement
of a; fit in Fig. 5.11, the X  values of as-rolled samples
were used because there is negligible lattice diffusion of

Ga in solid solution at room temperature.
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Figure 5.11 Lattice parameter versus Ga atomic fraction
x after correction of x by SAXS results. a; is the fit
of as-rolled series. a, is the fit of annealed series.

a3 is the fit of aged series.
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Chapter 6

Summary and Conclusion

A set of Al,_,Ga, alloys with 0< x <0.10 has been
prepared and investigated by small-angle x-ray scattering
and x-ray diffraction. The comparison between experimental
alloy scattering, which was detected by SAXS, and
theoretical Laue monotonic scattering provided information
on the randomness of the Al,_,Ga, alloys and the accuracy of
conversion of the x-ray intensity to absolute units. Tests
were made of the slit smearing effect on the SAXS signal and
of the infinite slit approximation. X-ray diffraction
combined with the SAXS results led to a precise
determination of the effect of x on the lattice parameter of
the fcc solid solution phase. Specific experimental results

can be summarized as follows.

i) The maximum solubility of Ga in Al obtained from analysis
of alloy scattering intensity by SAXS is 7.90(7) at.%. This
value was reached by annealing a sample containing 10 at.%
Ga at 400°C for 5 hours. According to several published
papers [23, 27, 43], the maximum solubility (interpolated
from the phase diagram) of Ga in Al at room temperature by

means of thermal analysis has quite a large uncertainty
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because of uncertainty in the solidus temperature. The
estimated maximum solubility range from the published papers
is from about 8.7 at.% to 10 at.%. Further refinement of the
heat treatment procedure used here could lead to larger

amount of Ga in random solution.

ii) The theoretical and experimental alloy scattering
intensities agree very well for Ga concentrations of 2.5
at.% and 5 at.%. But for nominal concentrations of 7 at.%
and 10 at.%, clear discrepancies occur. This is due to Ga
precipitates in alloys as detected by SAXS. The tilting
study suggests the precipitates are randomly oriented or
spherical in shape. The annealing (400°Cx5 hr) after cold-
work induced a size increase of the precipitates such that
the largest particles exceeded the SAXS detection scale
(R215 nm). Also, the annealing caused some additional
lattice diffusion of Ga into solid solution for the 10 at.%
Ga sample.

Table 5.4a provides the numerical values of the amount
of Ga in random solid solution, x;, for all samples

investigated.

iii) The fcc lattice parameters of the Al,_,Ga, alloys

increase linearly with x. The 1linear fits of 1lattice
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parameter versus X were corrected with the SAXS-determined
amount of Ga in solid solution (xg). This led to the fits
shown in Figure 5.11. It is interesting that both the as-
rolled and the annealed series of data lie above the room-
temperature-aged data by approximately a constant shift of
0.0001 nm. Stress relief of the as-rolled series is a
reasonable explanation but it seems that the 400°C annealing
should have a similar stress-recovery effect. To our
knowledge, this is the first determination of the lattice

parameter for a systematic series of Al,_,Ga, alloys.

iv) The slit smearing correction was tested with our
standard polyethylene sample. The‘result clearly shows how
the SAXS signal is distorted in the small g region

1), and that it approaches the intensity of

(0 £q <2 nm”
pinhole collimation in the range g>2.5 nm~l. From the
measure slit length weighting function, P(t), conversion of
the pinhole SAXS data to 1line collimation data yielded
excellent agreement between the two sets of experimental
data.

From the results of the slit smearing study, it is
clear that the alloy scattering intensities are not affected

by smearing because they are measured in the high gq region

(4<q<6 nm~1).
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v) The validity of fhe infinite slit approximation for
calculation of the integral invariant, Q, in the Kratky
system used here was investigated and it is concluded that
this approximation is valid to within 10% when the particle
size 1is greater than 2 nm. Smaller particles must be
considered with more care 1in calculations of Q and the

corresponding volume fraction.

Finally, the good agreement of theory and experiment
for the alloy diffuse scattering intensity of the Al;_,Ga,
alloys studied here provides support for‘ this method to
study atomic-scale randomness in the amorphous Si;_,Ge,

alloys.
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