
 



AN X-RAY SCATTERING STUDY OF ORDERING IN BLOCK COPOLYMERS

By

CURTIS RAY HARKLESS

A DISSERTATION PRESENTED TO THE GRADUATE SCHOOL
OF THE UNIVERSITY OF FLORIDA IN PARTIAL FULFILLMENT

OF THE REQUIREMENTS FOR THE DEGREE OF
DOCTOR OF PHILOSOPHY

UNIVERSITY OF FLORIDA

1990



ACKNOWLEDGMENTS

Firstly, I would like to express my gratitude to my advisor, Stephen E. Nagler.

His assistance in the preparation of this dissertation is greatly appreciated, and without

his supervision this work would not have been possible.

I would like to express my thanks to the beamline staff, Brian Stephenson and

Jean Jordan-Sweet, for their valuable technical assistance and to DARPA and DOE for

financial support in the early and later stages of this work, respectively.

Much of this work could not have been performed without the outstanding

technical support offered by Ward Ruby. His creativity and resourcefulness were second

only to his jokes of questionable taste.

I thank Paul Lyman and Liz Seiberling not only for their helpful discussions and

honest opinions, but also for late night support and indefatigable good humor that I could

always count on.

I would like to thank Robert F. Shannon, Jr., for all of his help. Writing this

dissertation was made a great deal easier by his company and the knowledge that

someone else was suffering as much as I.

The assistance given to me by Marsha A. Singh in all aspects of the performance

of these experiments cannot be overstated. Our trip to Brookhaven to take the data, upon

which this dissertation is based, was made less arduous by her companionship and

experimental expertise. In addition, her attention to detail was invaluable during the

writing of this dissertation.

I thank the Lord for supporting me through this challenging time.

11



Finally, I thank my family. The advice offered by my parents: Les and Nancy

(like "Get a job.") and the stimulating quesdons posed by my sisters: Lisa, Kim, Jen,

and Stefanie (like "Aren't you done yet?") were gready appreciated. But most of all, I

am grateful for their unfailing support in all of my endeavors.



TABLE OF CONTENTS

Page
ACKNOWLEDGEMENTS ii

LIST OF FIGURES vii

ABSTRACT xii

CHAPTERS

1 INTRODUCTION 1

2 PHASE TRANSITION KINETICS 9
Phase Transition Kinetics-General Concepts 9
Nucleation Theory 17
Spinodal Decomposition 21
Domain Growth 23
Transformation Curves 24
Late Stage Growth-Coarsening 32
Universal Classification 34

3 X-RAY DIFFRACTION 36
Fundamentals of X-ray Diffraction 36
Small Angle X-ray Scattering 41
Scattering From Liquids 47
Scattering From Ordered Structures 50

The Effect of Finite Size 52
The Crystal Structure Factor 53
The Effect of Particle Motion 54
The Effect of Strain 55
The Powder Pattern 56

4 REVIEW OF BLOCK COPOLYMER LITERATURE 59
Polymers-General Background 59
The Glass and Melting Transitions 61
Phase Separation in Polymer Blends 62
Block Copolymers—Bulk Properties 64
Block Copolymers—Kinetic Studies 69

IV



Block Copolymer Solutions 70
Equilibrium Measurements 72
Time-Dependent Experiments 75

5 THE EXPERIMENTAL APPARATUS 79
System Overview 79
The Polymer X-ray Scattering Furnace 82

The Furnace Body 82
The Translational Stage 85
The Sample Mount 86
The Quench Technique 89

The X-ray Scattering Apparatus 92
The National Synchrotron Light Source 92
The Collimation System 94

The pre-hutch collimation system 96
The in-hutch collimation system 97

The Detection System 98
The detector operating principle 98
The dark count 99

Preliminary Experimental Procedures 100
Sample Preparation 100
X-ray Beam Alignment and Collimation 105
Normalization for Incident Intensity 108
Measurement of the Parasitic Scattering 109

Equilibrium Data Acquisition Procedure 112
Kinetic Data Acquisition Procedure 113

6 EQUILIBRIUM MEASUREMENTS: ANALYSIS
AND RESULTS 117
Presentation of the Static Data 117
Identification of the X-ray Scattering Features 130
Preliminary Discussion of the Static Data 131
The Effects of Experimental Resolution 133
Determination of the Structural Parameters 134

The Microdomain Parameters 134
Analysis of the Macrolattice Structure and Dimensions 137

The background contribution 139
The amorphous contribution 139
The crystalline contribution 140

Discussion of the Macrolattice Characterization 140
Finite Size and Strain Effects 147
The Ordered Volume Fraction 148
Discussion of the Fine Structure in the SAXS Profiles 149

v



Concentration and Temperature Dependence
of the Structure 152

Behavior of the Crystalline Component 154
Behavior of the Amorphous Component 161

7 KINETIC MEASUREMENTS: ANALYSIS AND RESULTS 168
Preliminary Discussion 168
The Ordering Kinetics 174

The Master Curve 193
The Crossover Behavior 198
Shallow Quench Oscillatory Behavior 200

8 SUMMARY AND CONCLUSIONS 206

APPENDICES

A DATA ACQUISITION PROGRAMS 209

B THE HEATING CIRCUIT 227

C THE SOLENOID INTERFACE 229

D THE DEVELOPMENT OF THE SAMPLE MOUNT 231

REFERENCES 241

BIOGRAPHICAL SKETCH 249

vi



LIST OF FIGURES

Figure Page

1-1 The diblock copolymer molecule and an illustration of
microphase separation 3

1-2 The three domain morphologies commonly observed in diblock
copolymer systems 51-3 An illustration of the ordering of spherical microdomains onto
a cubic lattice 62-1 An example of a phase diagram for a binary alloy exhibiting a phase
transition 10

2-2 The shape of the free energy curve versus order parameter for various
temperatures, above and below the transition point 13

2-3 An illustration of the different temporal regimes in the transformation
process 16

2-4 A contrast of the nucleation and spinodal decomposition transformation
mechanisms 22

2-5 A simulated transformation curve showing the induction time and the
half-completion time 262-6 An ideal Master Curve for a transformation which obeys Cahn's
relation for nucleation on two dimensional nucleation sites 313-1 An illustration of diffraction by two scattering centers and the definition
of the scattering angle 20 38

3-2 The scattering form factors for ideal spheres having radii: 80, 100,
and 120 Á 42

Vll



3-3 A plot showing the effect of polydispersity on the scattering form factor
for a gaussian distribution of spherical particles having a width parameter,
o=l, 10, and 20 Á 44

3-4 The modifications to the scattered profile which result from spheres
having imperfect boundaries 46

3-5 Model scattering profiles are shown for systems of spheres interacting
via the hard core potential at varying particle concentrations, Vj/v0 49

3-6 An illustration of Bragg scattering from a crystal lattice 51

5-1 A schematic of the data acquisition system 80

5-2 A top view of the polymer x-ray scattering furnace illustrating the
relative placement of its various features as described in the text 83

5-3 The final sample mount design is illustrated in a iron and top view 87

5-4 A typical quench profile illustrating the base and sample temperatures as a
function of time following the quench 90

5-5 A schematic of the SAXS collimation system 95

5-6 The chemical formulas of polystyrene and polybutadiene along with
the selective solvent used in these studies, n-tetradecane 101

5-7 A graph of the beam height ( out of scattering plane ) and width
(in plane ) profiles 1075-8 A graph of the measured parasitic scattering 1106-1 Raw scattering profiles for the SB 15 sample upon cooling 118

6-2 Raw scattering profiles for the SB 15 sample upon heating 119

6-3 Raw scattering profiles for the SB25 sample upon cooling 120

6-4 Raw scattering profiles for the SB25 sample upon heating 121

6-5 Raw scattering profiles for the SB35 sample upon cooling 122

6-6 Raw scattering profiles for the SB35 sample upon heating 123

6-7 Raw scattering profiles for the SB50 sample upon cooling 124

vm



6-8 Raw scattering profiles for the SB50 sample upon heating 125

6-9 Raw scattering profiles for the SBS25 sample upon cooling 126

6-10 Raw scattering profiles for the SBS25 sample upon heating 127

6-11 Raw scattering profiles for the SBS35 sample upon cooling 128

6-12 Raw scattering profiles for the SBS35 sample upon heating 129

6-13 A plot of the scattered profile for the SB50 sample at 44.0 C
illustrating the estimated spherical form factor 135

6-14 A plot showing the three components of the parameterization of
the low Q range of the scattering spectra 138

6-15 A comparison of the simple cubic and body-centered cubic structure
specific fits to the scattered spectrum for the SB35 sample at 44.0 C 144

6-16 An illustration of the splitting of the first-order Bragg reflection
in the SB 15 solution at 62.5 °C 150

6-17 Plots of the microdomains radius and lattice constants versus

polymer concentration at approximately 44 °C 153

6-18 Graphs of the normalized peak intensities of the primary Bragg peak vs.
temperature for each of the four polymer solutions 155

6-19 Graphs of the measured Bragg widths vs. temperature for the four
polymer solutions 158

6-20 Graphs of the measured lattice constants vs. temperature for the four
polymer solutions 160

6-21 Variation of the amorphous peak amplitude vs. temperature for the
SB 15 solution 162

6-22 Plots of the amorphous peak position and width vs. temperature for the
SB50 solution 1646-23 The measured phase diagram for the polystyrene-polybutadiene /C14
solutions 1667-1 A plot of the final spectrum as a function of quench depth for the
SB 15 solution 170

IX



7-2 A plot of the final spectrum as a function of quench depth for the
SB25 solution 171

7-3 A plot of the final spectrum as a function of quench depth for the
SB35 solution 172

7-4 A plot of the final spectrum as a function of quench depth for the
SB50 solution 169

7-5 A plot of the raw SAXS spectra as a function of time following
a quench from 159.6 °C to 112.2 °C on the SB25 solution 175

7-6 A plot of the raw SAXS spectra as a function of time following
a quench from 130.6 °C to 68.5 °C on the SB 15 solution 177

7-7 A plot of the raw SAXS spectra as a function of time following
a quench from 159.6 °C to 94.0 °C on the SB25 solution 178

7-8 A plot of the raw SAXS spectra as a function of time following
a quench from 170.0 °C to 86.5 °C on the SB35 solution 179

7-9 A plot of the raw SAXS spectra as a function of time following
a quench from 201.6 °C to 98.5 °C on the SB50 solution 180

7-10 Graphs of the peak maximum as a function of time following a
shallow quench ( upper graph ) and a quench to below the
ordering temperature (lower graph ) 182

7-11 A 3-D plot of the temporal peak development of the scattered profile 183

7-12 Graphs of the fitted amorphous peak position and FWHM along
with the Bragg FWHM and the measured lattice constant vs. time
following a quench from 159.6 °C to 94.0 °C on the SB25
solution 185

7-13 A plot of the normalized Bragg and amorphous fitted amplitudes
as a function of time following a quench from 159.6 °C to
94.0 °C on the SB25 solution 188

7-14 A plot of the normalized Bragg fitted amplitudes as a function of
time following quenches from ~ 160 °C to 102.2 °C, 94.0 °C,
82.0 °C, and 58.7 °C on the SB35 solution 192

7-15 A plot of the quantity: In (In ((1 - £ )-l)) vs. the natural
log of the time following quenches from - 160 °C to 102.2 °C,

x



94.0 °C, 82.0 °C, and 58.7 °C on the SB35 solution 194

7-16 A master curve of all of the quench data on all of the samples
as described in the text 196

7-17 The time constants, t, for the ordering transition for the SB15,
SB25, SB35, and SB50 solutions are plotted as a function of
quench depth 197

7-18 A schematic illustrating the proposed origin of the observed
crossover in ordering behavior 199

7-19 Graphs of the fitted and normalized Bragg amplitudes as a function
of time following quenches from ~ 202 °C to 152.0 °C, 143.5 °C,
and 137.5 °C on the SB50 solution 201

7-20 Graphs of the raw data from a quench from 201.8 °C to 152.0 °C
on the SB50 solution at various times following the quench 202

7-21 Plots of the fitted Bragg widths and positions along with the
normalized intensity, Z, as a function of time following the
quench from 201.8 °C to 152.0 °C on the SB50 solution 204

B -1 A schematic of the hearing circuit 228

C-l A schematic of the solenoid interface 230

D-1 An illustration of the initial sample mount design 232

xi



Abstract of Dissertation Presented
to the Graduate School of the University of Florida

in Partial Fulfillment of the Requirements
for the Degree of Doctor of Philosophy

AN X-RAY SCATTERING STUDY OF ORDERING IN BLOCK COPOLYMERS

By

Curtis Ray Harkless

December 1990

Chairman: Stephen E. Nagler
Major Department: Physics

The block copolymer, a novel system for studying the kinetics of first-order phase

transitions, is investigated. Solutions of the block copolymer polystyrene-polybutadiene

exhibit two types of phase transitions presently of great interest to the science

community. Studies of the process by which these transformations occur can broaden

our understanding of kinetic phenomena and aid in the identification of universal features

such as nonequilibrium scaling. This thesis represents the first attempt to probe the

kinetics of these transitions using synchrotron x-ray diffraction.

The block copolymer molecule is composed of two different polymer chains

joined by a covalent bond. When the chains are incompatible mesophases form through
the process of microphase separation. The system also exhibits an ordering transition

which results in a characteristic superlattice of the microdomains. A brief discussion of

first-order phase transition kinetics is given followed by a detailed review of the relevant
literature on block copolymers.
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High quality diblock and triblock copolymer solutions were prepared. The

structure of each system was determined from the x-ray scattering profiles as a function

of temperature after which kinetic measurements were performed. Each kinetic

measurement involved annealing the sample above the dissolution temperature and

rapidly quenching the sample temperature to a fixed point below. The subsequent
transformation process was observed through the x-ray scattering profile.

Due to the resolution obtained at the synchrotron, the scattering contributions

from the ordered and disordered states are identified and separated for the first time. As

a result several new features are observed such as the presence of fine structure in the

x-ray scattering profile. Fast kinetic measurements reveal that transformation occurs as a

two-stage process and that the ordering transition exhibits an unexpected crossover in

behavior consistent with two dimensional nucleation. In addition, the velocities of

transformation, as determined from the kinetic data, follow trends expected from

fundamental thermodynamic considerations. Finally, novel oscillatory growth of the

Bragg component is observed in the shallow quench limit.
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CHAPTER 1
INTRODUCTION

One of the most fascinating and active fields in statistical physics is the study of

phase transition kinetics.1 Specifically, there is much interest in understanding the non¬

linear and cooperative phenomena involved in first-order phase transitions (FOPTs).2

Although instances of FOPTs in nature are abundant, much of the essential physics of

these processes remains unclear. Examples of these phenomena include phase separation

in binary alloys,3-4-5-6 and binary fluids, ordering in alloys,7-8-9-10-u-12-13 ferromagnetic

and antiferromagnetic systems,14-15 and melting/crystallization transitions.16 One of the

foremost efforts at this time is the identification of relevant parameters to form a

universal classification scheme for these systems.17 Consequently, there is a need to

study more diverse systems and polymer systems are and ideal and novel system for this

purpose.1

A polymer is a long chain molecule composed of a number of repeat units called

monomers. Generally, each monomer itself is an organic molecule joined to adjacent

molecules by a covalent bond. Common examples of polymers include polystyrene,

polyisoprene, and poly (vinyl chloride). The excellent mechanical properties of these
materials lend themselves to a variety of industrial applications. The interesting

statistical physics involved in understanding these materials has attracted the attention of

many notable physicists including de Gennes, Debye,18 Kramers,19 and Flory. Excellent
references on the static and dynamic properties of polymers have been written by Doi
and Edwards,20 Flory,21 and de Gennes.22
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The block copolymer molecule is formed by joining two chemically distinct

polymer chains end to end with a covalent bond and is the subject of the experimental

studies to be presented here. A typical block copolymer is illustrated in Figure 1-1.

Much recent work has been done toward understanding these complicated systems.23

When the monomers, A and B, are incompatible ( A-A , B-B, nearest neighbor

configurations are favored over A-B configurations ), the system attempts to minimize

internal energy by forming A- or B-rich domains thereby reducing the surface to volume

ratio between A and B regions. This type of arrangement leads to a loss of

conformational entropy, resulting in an equilibrium structure that is a balance between

these two opposing forces. At high temperatures, the entropic force dominates and the

system is a homogeneous melt as shown in Figure 1-1. As the temperature is lowered,

the balance shifts to formation of domains at the dissolution temperature, Td. This

domain formation is similar to the phase separation observed in binary alloys. However,

the junction of A and B monomers in the block copolymer limits the ultimate size of the

phase separated regions to microscopic dimensions. This process is appropriately termed

microphase separation and results in the different domain morphologies observed in these

materials.24

Phase separation in binary systems has been well studied and has led to the

formulation of very general relations describing the phase transition kinetics in conserved

order parameter systems.1 Microphase separation is an intriguing analog of this process

involving both the complex process of polymer interdiffusion and an inherent constraint

to the size of the phase separated regions. For this reason, block copolymers are useful

systems for broadening our knowledge of kinetic phenomena and testing the limitadons

of present models.

A variety of domain morphologies has been observed in block copolymer systems

through x-ray scattering23 and transmission electron microscopy25-26 and the type of

morphology was found to depend on the fractional composition of the individual block
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THE BLOCK COPOLYMER MOLECULE

AAAA AAAABBBB BBBB

MICROPHASE SEPARATION

Figure 1-1 The diblock copolymer molecule and an illustration of microphase
separation.
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copolymer chains. For example, polymers having a small A block relative to the B block

are known to form spherical A-rich microdomains in a B-rich matrix. Remarkably, these

systems are seen to exhibit long-range order in the form of a cubic lattice of the spherical

microdomains. The specific type of cubic structure is presently the subject of some

debate27 and , for this reason, structure determination is discussed in detail in this work.

In those copolymers where the A block is somewhat smaller than the B block, a

2-dimensional hexagonal closed packed ( HCP ) arrangement of cylindrical domains is

formed. A lamellar structure results if the A and B blocks are of comparable size.

These features are summarized in Figure 1-2.

Often in studying these materials, it is useful to employ a solvent which

selectively dissolves one block of the copolymer. In this way the interaction potential

between unlike monomers is partially screened resulting in a lower, experimentally

accessible dissolution temperature. An added benefit of using selective solvents is the

ability to control the effective fractional composition of the chain by selectively swelling

one block relative to the other. The study of these polymer solutions is also important

from an industrial standpoint in that additives are commonly incorporated in pure

polymer materials to improve their already advantageous mechanical properties.

Further interesting effects were observed in small angle x-ray scattering (SAXS)

studies of polystyrene(PS)-polybutadiene (PB) diblock copolymer in the selective solvent

n-tetradecane (C14).28 The system forms spherical PS domains within a PB/C14 matrix.

However, a temperature range was found below the dissolution point where the expected

higher order Bragg reflections were missing from the SAXS profile indicating the

absence of long-range order. At lower temperatures, evidence of higher order Bragg
reflections was found leading the authors to propose an ordering temperature, T0, below

which the spherical microdomains arrange themselves to form a cubic lattice. This

ordering process is illustrated in Figure 1-3.
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A DISORDERED ARRANGEMENT OF SPHERES

AN ORDERED LATTICE OF SPHERES

Figure 1-3 An illustration of the ordering of spherical microdomains onto a cubic
lattice.
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Microdomain ordering in block copolymers is an interesting analog to melting-

crystallization phenomena and as such is characterized by a nonconserved order

parameter (NCOP). Other systems such as ordering in "polyballs"29 have contributed

much to our understanding of these phenomena. The presence of this second type of

transformation in block copolymer solutions provides an additional opportunity to test

the applicability of present models of crystallization and behavior in NCOP systems.

An important feature of block copolymer materials is their great diversity in

industrial applications. These include their use as synthetic rubber, additives to plastics

and adhesives, and hydrophilic coatings.30 Much theoretical and experimental research

has been done in attempting to relate the mechanical properties of block copolymers to

their structural properties.31-32 For this reason, a better understanding of the structural

and thermal behavior of these materials is of direct industrial significance.

The SAXS technique is an excellent method for analyzing the structure of block

copolymers because the scattered intensity is directly related to the positional correlations

of the particles in the system. It was the goal of these studies to perform high resolution

x-ray scattering measurements of the equilibrium structure of block copolymer solutions

and to probe the microphase separation and ordering processes with fast kinetic

measurements. The successful completion of this experiment was dependent on three

major requirements. These were the use of high quality samples, a specially designed

polymer x-ray scattering furnace that allowed for rapid in-situ quenches, and a very

intense x-ray source enabling high resolution measurements. Ultimately, x-rays

produced by synchrotron radiation were utilized. The experimental methods employed

and the novel results obtained are discussed in the following chapters.

This dissertation is divided into seven chapters. Chapter 2 is a summary of recent

advances in our understanding of first order phase transitions and provides a background
for understanding the significance of these measurements. The third chapter is an in-

depth discussion of the general principles of x-ray diffraction and relates the relevant
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physical parameters to experimentally measured quantities. Chapter 4 is a brief review

of the relevant literature on block copolymers. Chapter 5 is a detailed description of the

experimental apparatus and procedures performed in these studies. The

parameterization, analysis, and interpretation of the equilibrium results are presented in

Chapter 6 in preparation for discussion of the kinetic results in Chapter 7. Finally, the

important conclusions which are drawn from this work will be summarized in Chapter 8



CHAPTER 2
PHASE TRANSITION KINETICS

This chapter is a brief review of the major developments in first-order phase

transition kinetics. The first section provides the definitions of many of the basic

concepts as well as an introduction to some of the general behavior. Broad comparisons

are made with higher order critical phenomena. The transformation process is divided

into three temporal regimes which are then discussed individually. These are the early,

growth, and coarsening regimes. Two distinct mechanisms are identified in the early

regime: nucleation and spinodal decomposition. During the growth regime,

transformation is characterized by growth laws and transformation curves. Finally, the

late stage of growth, coarsening, is described.

Phase Transition Kinetics - General Concepts

Figure 2-1 is an example of the phase diagram for a binary alloy exhibiting a

phase transformation. The solid line on the plot represents the transition temperature as a

function of sample composition. The dashed curve is called the spinodal curve and will

be discussed shortly. The objective of kinetic studies is to observe the process by which

the transformation from one phase to another occurs. One method of probing these

phenomena is through the thermal quench. In a typical quench experiment, the system is
held at a temperature, T¡ ( or other extensive variable ), above the transition temperature,

Tc and then rapidly lowered to a fixed value below Tc, Tf. If the quench occurs in a time

short relative to the time required for transformation, the system will still have the

9
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Figure 2-1 An example of a phase diagram for a binary alloy exhibiting a phase
transition.
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structure of the initial phase. This phase is now unstable (or metastable ) and will decay

to its equilibrium phase as time proceeds. The processes by which transformation occur

are often complex and the study of these processes is one of the most challenging topics

in non-equilibrium statistical physics.1
In order to quantify the transition process a quantity called the order parameter, <J>,

is defined. This parameter takes on values between zero and one, being identically zero

in the disordered phase and one in the fully ordered phase. In some systems the order

parameter is a conserved quantity and in these cases, 4> changes only locally and remains
on average a constant for the entire system. Systems of this type are called conserved
order parameter ( COP ) systems. An example of a COP system is a binary alloy which
exhibits phase separation.3-4-5-6

A typical non-conserved order parameter ( NCOP ) system is a binary alloy
which exhibits an order-disorder transition.7- 8-9- n-12-13 An example of such a system is

Cu3Au.7- 10 In the disordered state the crystal structure for this system is face-centered
cubic (FCC ) where the Cu and Au atoms are randomly distributed on all sites. In the

ordered state, the structure remains FCC with the Au atoms dominating the conventional

cube comers and the Cu atoms occupying the cube faces. The order parameter is related
to fraction of each species on a sublattice. Since the order parameter in this case is not

constrained by conservation laws, this is an example of an NCOP system. Other

examples of transitions characterized by NCOPs are melting/crystallization phenomena16
and antiferromagnetic ordering.14-15

The driving force for transformation is the difference in free energies between the
initial and final phases. Phase transitions may be classified as first, second, or higher
order based on a fundamental thermodynamic criterion according to the Ehrenfest
classification scheme.33 If the first derivative of the free energy of the system with

respect to the order parameter is singular, the transition is said to be first order. One
characteristic of first order phase transitions ( FOPTs ) which follows directly from the
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discontinuity in the free energy is the existence of a latent heat (i. e. the heats of melting

and vaporization ). In addition transitions involving a change of symmetry from one

symmetry group to another that is not a subgroup of the first can be identified as FOPTs
because it is not possible for the system to go from one phase to the other continuously.

Discontinuity in the second and higher derivatives of the free energy with respect to the

order parameter without singularity in the lower derivatives implies second and higher
order transitions. Second and higher order ( also called critical or multicritical)

phenomena are in general much better understood than first order phenomena.1-2 This is
because critical phenomena arise from fluctuations in the order parameter which can be

characterized by a single correlation length. In fact, near the critical point the correlation

length diverges and only phenomena occurring on this length scale are relevant to the
transition behavior. It is the existence of this dominant length scale which has led to the

success of the renormalization group approach and the observation of scaling and self¬

similarity in these systems.34 First order phase transitions are different because there is
in general no dominant length scale and transformation is determined by processes at the

interface between transformed and untransformed regions.

Mean field theories express the free energy, F, as a functional of the order

parameter, however, approximations are required in evaluating this expression. The

equilibrium state of the system can be determined by minimizing the free energy with

respect to <{>. The Ginzburg-Landau35 formalism describes an expansion of the coarse¬

grained free energy in powers of the order parameter. In general, the order parameter

may be a scalar, vector or a tensor as is the orientational ordering of liquid crystals.2

The prototypical shape of the free energy curve for a scalar order parameter and
fixed composition is shown in Figure 2-2 for several temperature ranges. F{<{>} has the
double well structure characteristic of phase transformations. At temperatures above Tc,

the lowest energy state corresponds to <{>=0. As the temperature is lowered, the difference
in free energies between the ordered, <})=1 and disordered, <j>=0 configurations is reduced
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Figure 2-2 The shape of the free energy curve versus order parameter for various
temperatures, above and below the transition point.
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until T=TC, at which point the free energy is equivalent for both phases. Below Tc the

ordered phase is favored, but the state <J)=0 is at a local minimum of free energy and is

therefore metastable. If the temperature is lowered further, the potential barrier

separating the ordered and disordered phases disappears and the 0=0 state becomes

unstable. This instability limit which separates the metastable and unstable regions of the

phase diagram is commonly called the spinodal curve.1-2-35 In fact it is no longer

believed that a sharp spinodal point exists2 as will be discussed momentarily. The

process by which the disordered state decays is qualitatively different for quenches into

the metastable and unstable regions of the phase diagram. In fact two distinct behaviors

are associated with these two regimes. When the initial phase is metastable,

transformation is said to result from the mechanism of nucleation. During nucleation,

localized droplets of the ordered phase spontaneously form within a disordered matrix.

These droplets grow independently until separate domains impinge on one another.

When the initial phase is unstable, it will decay through the mechanism of spinodal

decomposition. During spinodal decomposition long wavelength, infinitesimal

oscillations of the order parameter appear which are characterized by an amplitude and

wavelength that grow with time.

Many of the essential features observed in phase transition kinetics have been

elucidated through analysis of very simple models.1 Perhaps the most useful of these is

the Ising Model because of the ease of calculation and the straightforward analogies to

physical systems.16 Within the Ising model, a lattice is composed of spins having values

of a = +- 1. By choosing the correct spin dynamics and an appropriate order parameter

this model may be applied to both NCOP and COP processes. For example, if changes in
the lattice distribution of spins occur by exchanging adjacent spins the system is said to

obey Kawasaki spin dynamics.1 The total magnetization
M = !>■

1

(2-1)
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remains constant throughout the transformation and is therefore analogous to the order

parameter in a COP system such as phase separation in binary alloys.36 In this case "up"

spins correspond to one type of atom while "down" spins correspond to the other type of

atom. The order-disorder transition in binary alloys can also be modeled using Kawasaki

dynamics if the order parameter is defined to be a sub=lattice magnetization:
Ms = Xa. ( 2-2 )

sublattice

In this event, the total magnetization is conserved, but the order parameter is

nonconserved.37'38 Another way to model NCOP systems is with Glauber spin

dynamics. Within this model spins are able to change sign independent of adjacent spins

so that the order parameter which is taken to be the total magnetization is nonconserved.

In general spin dynamical models have shown good agreement with theory.16

Conceptually the transformation process can be divided into three temporal

regimes: early stage growth characterized by either nucleation or spinodal

decomposition, intermediate growth, and late stage growth commonly called coarsening.

These three stages are illustrated in Figure 2-3. During late stage growth, essentially all

of the system is in small fully transformed regions. During this regime the larger of

these domains will grow at the expense of the smaller domains resulting in an increase in

the average size of the domains. This process is termed coarsening and is illustrated in

frames c and d of Figure 2-3. The different time regimes and transformation

mechanisms will now be discussed separately beginning with nucleation and spinodal

decomposition, followed by a brief discussion of intermediate stage growth and finishing

with a description of coarsening behavior. The chapter will conclude with some

comments on recent efforts to develop a universal classification scheme.
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Figure 2-3

Nucleation

Early Coarsening

(d)

An illustration of the different temporal regimes in the transformation
process.
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Nucleation Theory

The rate of transformation from the old to new phase is controlled by the

combination of the total nucleation rate and the growth rate. The total nucleation rate per

unit time, F(t), is the product of the nucleation rate, I(t), and the volume available for

nucleation, Vn. Conceptually, the behavior of the total nucleation rate can be divided

into three regimes. Often these three regimes are distinct but in some cases or there may

be significant overlap. In addition, not all of the regimes are necessarily observed. The

first regime is characterized by a transient nucleadon rate.39 Following a quench from

above the transition point I(t) will be zero initially and then grow smoothly to its steady-

state value. Once the nucleadon rate reaches its steady-state value, Iss, it will remain

unchanged throughout the transformation. However, as the transformation proceeds the

nucleation volume, Vn, decreases leading to a decrease in the total nucleation rate, IT(t),

in the late time regime. The process by which the nucleation volume is exhausted

depends in detail on the type of site in which nucleation occurs.40 Several of these

processes will be discussed in a later section. Each of these three regimes will be

discussed in detail in the following sections.

The driving force for transformation from the metastable state to the equilibrium

state is the free energy difference between the two phases.39 However, when a finite

sized nucleus forms, there exists an interfacial region between the nucleus and the bulk

metastable phase. The surface tension serves to raise the free energy of the droplet. The

total free energy of the embryo is typically written as the sum of bulk and surface terms:

AFn = n(fe-ftn) + Sna (2-3)

or (2-4)
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In the above expression, the droplet of radius, r, is composed of n particles. The product

of the surface area of the droplet, Sn, and the surface tension, o, gives the surface

contribution to the free energy. The bulk free energies of the equilibrium and metastable

phases per particle are fe and fm, respectively. The volume per particle in the

equilibrium phase is designated ve. The volume free energy term fm is generally assumed

to be independent of droplet size. Similarly, a is assumed to be independent of size and

calculations of the surface tension exhibited by crystalline clusters suspended in liquid

support the validity of this assumption.41
The energies, fe and fm, are in general a function of the reduced temperature,

t=(T0-T)/T0 where T0 is the transition temperature. Above T0, fe > fm and AFn is a

monotonically increasing function of n and fluctuations of any size tend to evaporate. In

this case, the equilibrium form of the distribution of sizes of nuclei as determined by

Boltzmann statistics is given by

Nn = Nv exp
-AF„

kbT
(2-5)

which is only of significant magnitude at very low values of n. However, below T0, fe <

P" and AFn goes through a maximum at the critical radius, rc.

2(7^

,(fm-fe). (2-6)

Classically, nuclei of this radius are in unstable equilibrium whereas nuclei with r < rc

will evaporate and droplets with r > rc will grow. This model, while being somewhat

simplified, exhibits the important feature that nuclei having radii near rc control the
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nucleation rate. In other words, it is the rate at which fluctuations reach the critical size

that determines the rate of decay of the metastable state.

Immediately following a quench the majority of nuclei are of a very small size

and until the first droplets reach the critical size the nucleation rate is effectively zero.

This period is called the induction or incubation time, t^

There are two commonly used approximations for I(t) in the transient period.

The first assumes an incubation time followed by a slowly growing nucleation rate which

is approximated by a power law,

I(t) = 0( t - to) Bstn (2-7)

Here the step function, @(t), incorporates the effect of a finite incubation time. This

approximation will be most valid when the nucleation rate is a slowly changing function

of the time and the transformation nears completion before the nucleation rate

approaches its steady-state value. The second approximation incorporates an induction

time and a step function to describe I(t) and will be most accurate when, following the

induction period, I(t) grows rapidly to its steady-state value. Typically, the effect of the

changing nucleation rate is most obvious in the early stages of the transformation.

Experimental measurements are not overly sensitive to the exact form chosen to

approximate the time dependence of I(t) in this regime.38

In the second time regime the nucleation rate is constant at its steady-state value,

Iss. While there have been many attempts to calculate Is5, by far the most successful

treatment is that of Becker and Doring.42 The key to this model is its treatment of the

problem as a kinetic phenomenon. A set of difference equations is used to describe the
number of droplets as a function of size and time, Z^t. The rate of change of the number
of droplets composed of n particles is expressed as the difference between the rate of
condensation and the rate of evaporation of particles from the nucleus. The condensation



20

rate is assumed to be proportional to the surface area of the nucleus, Sn, and otherwise

independent of n. As time proceeds, the number of embryos of size n approaches its

quasi-steady state value ( Z^t = 7^). This implies that I^t = I, a constant independent of

n so that the distribution of nuclei, Zis constant. There are two boundary conditions

for the kinetic process. The first is that for small n the distribution of nuclei approaches

its equilibrium form as determined by Boltzmann statistics ( Zn approaches Nn from

Equation 2-5 ). The other boundary condition is that embryos containing a very large
number of particles leave the system completely (Z„ = 0 , n»nc). By equating the rates

of production and loss of embryos of size n, the following result is obtained:

(2-8)

where v is the rate of condensation per unit surface area of the nucleus. Since AF

exhibits a maximum at nc, the quantity Nn_I from Equation 2-5 will be sharply peaked

near nc. Becker and Doring reasoned that only values of n near the critical number

would contribute significantly to the above sum. Taking the continuum limit of Nn and

AF , the standard Becker-Doring form for the steady-state nucleation rate is obtained:

(2-9)

where NvSc] |'AF(nc)
, B = AF(nc) (2-10)

In the above relations, both the prefactor A and the energy term, B, depend on the

reduced temperature. In those cases where these parameters are only weakly dependent
on the temperature, the steady-state value of the nucleation rate takes the Arhenneus35
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form with an activation energy equal to the free energy difference between a critically

sized nucleus and the bulk metastable phase.

Spinodal Decomposition

The different modes of transformation observed for metastable and unstable

systems can be viewed as instabilities against different types of fluctuations as discussed

by many authors.1-2-16 The method of decay of a metastable state is through the

nucleation process. This indicates an instability against localized, large amplitude

fluctuations of the order parameter, the size of which grows with time. This process is

illustrated in Figure 2-4. In contrast, the method of decay of an unstable system is

through a process termed spinodal decomposition. This process is also shown in Figure

2-4. This mode of decay indicates an instability to nonlocalized or long wavelength

fluctuations of the order parameter of very small amplitude. The amplitude of these

fluctuations grows with time. While nucleation gives rise to growing droplets, spinodal

decomposition leads to complex interconnected patterns of the transformed phase.43 The

interfacial region between transformed and untransformed regions is initially much less

defined than that of nucleated droplets but sharpens as time proceeds. As the size of the

transformed domains increases, the patterns become less interconnected until the domains

are similar in shape to those observed for nucleated transformations.

The significance of the spinodal curve has recently been questioned by many

researchers2-17 because the concept of an instability limit is an artifact of mean field

theory used to formulate the free energy functional. However, real systems do show the

types of behavior described above. And although the transition from nucleated to

spinodal decomposition behavior occurs gradually26 instead of suddenly at the spinodal

point, the concept of a spinodal limit is not totally without merit.
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Figure 2-4
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A contrast of the nucleation and spinodal decomposition transformation
mechanisms.
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Domain Growth

For the types of systems we are considering, the growth of domains of the

equilibrium phase is said to be thermally activated. This implies that the growth velocity

is a function of temperature, being greatly reduced at temperatures low relative to the

transition temperature. One consequence of this behavior is the ability to "quench in" the

high temperature phase by rapidly lowering the system temperature to a value where the

velocity of growth is extremely small.

In addition to the dependence on temperature, the growth velocity, T, will also

have a characteristic dependence on the size of the domain ( or equivalently, on the time

elapsed since the birth of the domain). In general, thermally activated transitions can be

divided into two groups: interface controlled and diffusion controlled reactions.39 These

two groups are characterized by functionally distinct forms for the growth velocity.

Generally, transformations between two phases having approximately the same

particle concentrations are controlled by the energetics of processes occurring at the

interface. This being the case, the growth velocity, T, is independent of particle size and

time so that the average dimension of a growing droplet, L(t) satisfies the simple

equation.44-45

L(t) = r01, r(t) = r0 (2-11 >

Christian39 has estimated the dependence of T on the temperature, T, for the decay of

metastable phases. This calculation assumes the difference in free energy between the
old and new phases to be small relative to the thermal energy, kBT, where kB is the

Boltzmann constant. In addition, the characteristic frequency for particle motion, v0, is

assumed to be identical in both the transformed and untransformed regions. The

resulting relation is
e AF AHa'

T(T) = ( 5 v0 ) p exp -p (2-12)



24

Here 5 is the thickness of the interface and AHa is the activation energy separating the

equilibrium and metastable states which is generally a function of the reduced

temperature, x.

In the event that there is a significant concentration difference between the initial

and final phases, it is possible for the propagation of the domain boundary to be diffusion

limited. If the concentration of particles is higher in the transformed domain, there exists

a region adjacent to the interface called the depletion zone1 in which the particle

concentration falls below its average value in the untransformed volume. In order for the

boundary to propagate, particles must diffuse through the depletion zone and then

"condense" on the transformed domain. If the processes occurring at the interface are

much slower than the diffusion of particles through the depleted region, the

transformation is interface controlled ( i. e.. L(t) = F01). However, if the condensation

process is rapid, transformation will be limited to the rate of diffusion through the

depletion zone. From the diffusion equation and dimensional analysis Christian finds

L(t) - (Dt )1/2, r(t)~p (2-13)
where D is the diffusion constant. This parabolic growth law is verified in more exact

calculations,46-47 and in computer simulations.48’49

It is noted that the above growth laws for interface and diffusion controlled

growth are only valid prior to impingement of one transformed domain on another.

Different growth laws govern behavior in the post-impingement or coarsening regime

and these will be discussed shortly.

Transformation Curves

Now that the processes of nucleation and growth have been discussed, a method
for combining the results to yield a rate of transformation will be presented. A measure
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of the degree to which transformation has progressed is the fractional volume in the

transformed state, £(t). From the previous discussion of the nucleation rate we expect

this quantity to grow slowly at first and then more rapidly as a larger number of embryos

reach the critical size and begin to grow. Eventually, the surfaces of different domains

will impinge on each other, slowing the growth of £(t) at later times. The shape of a

typical transformation curve is shown in Figure 2-5. The relevant features include the
induction time, to, and the time to half-completion, x1/2.

The earliest formal theories of transformation kinetics are due to Kolmogorov,50

Avrami,51’52-53 and Mehl, and Johnson.54 The argument of Avrami goes as follows. If a

nucleus forms at some time, x, then the transformed volume which is contained in the

nucleus is given by

V(t) =T| YxYy yz (t - x )3 (t > x) <2'14)
= 0 (t <x )

Here yx, yy, and yz are the growth velocities in the x, y, and z directions respectively and
47t

T| is a shape factor ( for isotropic growth, T| = — and Yx = Yy = Yz = Y )• The above

expression is valid for a system exhibiting a linear growth law, L(t) ~ t, such as is the

case for an interface controlled transformation as was previously discussed. In a system

where growth is diffusion limited, the growth law is given by L(t) - t1/2. In this case

Equations 2-14 would be replaced by

v =T1 YxYyYz(t-x)3/2 (t >x) (2-15)
= 0 (t <x)

For the remainder of this section only systems exhibiting a linear growth law will be

discussed with the understanding that the appropriate results for different growth laws
can be derived simply by making the modification shown in Equations 2-15.
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Figure 2-5

TIME

A simulated transformation curve showing the induction time and the
half-completion time.
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In early times there is little impingement of domains, so that each droplet grows

independently. In this limit the transformed volume is given by

(2-16)
o

where isotropic growth was assumed. For a constant nucleation rate, I(t) (I(t) reaches

the steady-state value, Iss, immediately ) Equation 2-16 is reduced to

(2-17)

This confirms the rapid increase of £ at early times.

Unimpeded growth will not continue for all times, however, due to impingement

by other droplets. To deal with this complication, a concept called the extended volume,

Ve is introduced. The extended volume is the volume of transformed material assuming

that nuclei continue to form not only in untransformed regions of the system, but in

previously transformed regions as well. Similarly, growth of domains is assumed not to

stop when impingement occurs; rather, each domain continues to grow through the

others. In this view, Ve is equivalent to vP in Equation 2-17 for all times. In any

increment of time, dt, the probability that the incremental increase in the extended

volume occurs in a previously untransformed region is ( 1 - vP/V ). It follows that

or

dvP = ( 1 - VP/V ) dVe

C = vP/V = 1 - exp( -Ve ) = 1 - exp(-f y3 Iss t4)

(2-18)
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The shape of this curve is shown in Figure 2-5 and in the early time this expression

reduces to Equation 2-17.

In the above argument, the nucleation rate I(t) was assumed to be a constant. In

general, the total nucleation rate is a function of the time, either due to transient

nucleation in the early regime or due to nucleation site saturation in the later regime.

The corresponding transformation laws may be derived in a straight forward way by

inserting the appropriate expression for I(t) into Equation 2-16. These calculations

generally lead to an expression similar to that in Equation 2-18 except that the time

exponent is different from 4. This led Mehl, Johnson, and Avrami ( MJA ) to propose

the following general transformation law39 :

C= 1 -exp(-ktn) (2-19)

For a constant nucleation rate it has been shown that n=4. For an increasing nucleation

rate ( early regime ) n>4, and for a decreasing nucleation rate ( site saturation ) n<4.

For homogeneous nucleation, often the nucleation rate may be approximated by a

step function being zero during the induction period, to, and then taking on its steady-

state value Iss. In this case, the transformation curve is given by Equation 2-19 with n=4

and the time, t, is replaced by t-to*

Often nucleation occurs not homogeneously, but at impurity or defect sites within

the sample. The transformation curves for heterogeneous nucleation can be calculated in

much the same way as for the homogeneous case if the appropriate form for the
nucleation rate can be found. For instance, when nucleation occurs spontaneously at N0

impurity sites the effective nucleation rate, I¡(t), may be represented by a delta function at

t=0 having a strength, N0; i. e..

Ii(t) = N05(t) (2-20a)
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so that from Equation 2-17,

£ = 1 - exp( N y313) (2-20b)

The form of the transformation curve is unchanged, with n=3 reflecting the nature of the

nucleation process.

Interesting dimensional effects result if nucleation is spontaneous and growth is

restricted to either a lamellar or rod-like volume. For growth occurring in a sheet ( 2-D

growth ), as might be the case in a thin film, the extended volume is given by :

Vp = (47tV5))N0Y2(t-T)2 (2-21)

where 5 is the thickness of the sheet. The result for a constant nucleation rate is the MJA

expression with n=2. Similarly, it is seen that for growth in a rod-like volume ( 1-D ) the

result is MJA with n=l.

More complicated transformation curves may result if nucleation occurs

heterogeneously, but not spontaneously. If defects are located randomly, the growth in

early times should be indistinguishable from the homogeneous case ( Equation 2-19 with

n=4). In time the available nucleation sites may be exhausted before transformation of

the entire volume is complete. In this event, different behavior is expected following

saturation of the available sites. Cahn derived an expression for nucleation occurring on

grain boundaries, edge dislocations , and point defects.40 Analogous to the concept of an

extended volume for transformation, an extended volume for nucleation is introduced. In

this way, the space available for nucleation at time, t, is calculated as a function of the

growth velocity, steady-state nucleation rate, and the initial volume available for
nucleation, Vn. The resulting transformation curve for nucleation occurring on two

dimensional defects is :
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C = 1 - exp( -b f(t)) (2-22)
i

if 7t] , 3 t 11
where £5 II 1 - exp [I-tJq o-3^3)JJ

o

The coefficients a and b are related to the physical quantities y, Is*, and Vn in the

following way :

and

a = (Iss y2 )W

b = 2Vn

(2-23)

The function f(t) has two limiting forms, at late times f(t) - t, and at early times f(t) - t4

as expected. The transition from n=4 before site saturation to n=l after saturation is best
illustrated by a plot of ln( ln( 1/(1-Q )) vs ln( t) as shown in Fig. 2-6. In this plot the

slope of the curve is equivalent to the exponent in the MJA form, and the bend in the line

corresponds to site saturation. From Equations 2-21 it is evident that if we offset the plot

vertically by ln( b ) and horizontally by ln( a ) we have a master curve for this type of

transformation. In other words, plots for a number of data sets will fall upon this master

curve if offset by the appropriate selection of a and b on this scale.

Similarly, the expressions for the transformation curves for nucleation on line and

point defects have been derived. In both cases the early time behavior agrees with the

MJA form having n=4. In late times, n crosses over to 2 for nucleation on line, and 3
for point defects. It is apparent that the spontaneous nucleation of point defects discussed

previously is just a special case of this result where only the n=3 regime of the
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The Cohn Model Master Curve

c

c

In ( time )

Figure 2-6 An ideal Master Curve for a transformation which obeys Cahn’s
relation for nucleation on two dimensional nucleation sites.
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transformation curve is observable. In fact, the easily observable range of £ in

experiment is typically from about 0.01 to 0.99. Although it seems that this range should

encompass the full range of kinetic behavior, this range corresponds to only a relatively
small portion of the master curve. If the nucleation rate is too high, saturation occurs

very early in the transformation and only the behavior of saturated regime is evident.

Conversely, if the nucleation rate is too low, saturation occurs late in the reaction and

only the exponent corresponding to the unsaturated or homogeneous regime is seen. In

fact, the crossover is only visible if saturation occurs when £ - 0.5. The steady-state

nucleation rate within the Cahn theory for nucleation on 2-D defects which corresponds

to this point is given by :

Jss —
__5_
.2 ln2. (2-24)

Systems exhibiting the required balance between the nucleation rate, growth velocity,
and nucleation volume appear to be exceedingly rare. As will be discussed, the

observation of this phenomenon is one of the more fascinating features in the study of

ordering in block copolymers.

Late Stage Growth - Coarsening

Often the equilibrium state toward which the system is evolving is degenerate.
For example, in the Cu3Au system described previously there are four identical sites in

the unit cell. The lattice can be defined by choosing any one of these four sites as the
comer site. In this way it is seen that the ground state degeneracy of the ordered phase is

p=4. For the crystallization process, p=°° reflecting the fact that the crystal may form in

any orientation within the liquid.39
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In the event the ground state is degenerate, in the late time regime the system will

be composed of many fully transformed domains distributed in the p degenerate states.

As time proceeds, the number of domains will decrease with a corresponding increase in

the average size of the ordered domains. This process is called coarsening.

Within the coarsening regime, the system is self-similar with respect to scaling by

length and time. This can be illustrated by zooming in on frame (c) of Figure 2-3 and

comparing the result with frame (d). The relevant features in each case will on average

be identical. A well known consequence of this type of scaling is the existence of a

characteristic length37, L(t), (the domain size ) where

L(t) - ta ( 2-25 )

Here t is the time following the quench. The exponent a has been seen to be different in

COP and NCOP systems. Specifically, theoretical calculations55 and experimental

observations56 of COP systems support the assertion a=l/3. In NCOP systems the

growth rate of domains in the coarsening stage is determined by energetics at the

interface and is often curvature driven. Theoretical calculations predict a corresponding

growth exponent, a=l/2.57 This result is supported by a growing number of experimental

findings7-58 and computer simulations59’60. It should be noted that the growth exponents

are different in the coarsening regime from those discussed for the growth regime. This

is because during the early stages, growth of domains is relatively uninhibited by

impingement. In the coarsening regime, the domains are strongly interacting with the

major mode of growth being the absorption of smaller domains by larger ones. Also, the

dynamic quantity during coarsening is the average size of a domain, while the volume

fraction of the system in the transformed phase remains approximately unchanged.

In the early stages of transformation it was seen that impurities and defects have a

profound effect on the nucleation process by providing heterogeneous nucleation sites.
These entities can also lead to interesting effects in the coarsening regime. Lai et al.61
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show that random fields which are generated by impurities and defects slow the

coarsening process so that the growth law becomes:

L(t) - (log(t) )m ( 2-26 )

where m depends on the detailed nature of the imperfections in the system. Evidence

supporting this assertion has been provided by experiments on Cu3+xAu where excess Cu

atoms appear to behave as diffusive impurities.10

Universal Classification

The non-equilibrium scaling behavior observed at late times is reminiscent of the

scaling seen in critical phenomena. For this reason, one of the foremost efforts in the

study of phase transition kinetics has been the attempt at developing a universal

classification scheme analogous to that for critical phenomena.17 In this way it is hoped

that the relevant parameters such as ground state degeneracy, dimensionality, and

conservation property of the order parameter can be identified so that the behavior of

widely diverse systems can be better understood. The coarsening growth law is one

feature which may be useful in identifying these universality classes. For systems

exhibiting random fields, the growth law is logarithmic suggesting that systems with

different types of impurities might form separate universality classes. The growth

exponent a has been seen to depend on the type of order parameter. It is, however,

independent of ground state degeneracy, and dimensionality in many cases.

In order to better distinguish the relevant parameters for classification and

provide a deeper understanding of the fundamental processes which govern phase

transformation, a broad range of physical systems must be investigated. Polymers and

block copolymers in particular are excellent systems for this purpose.1 An excellent
method for observing the transformation process in these materials is through the small
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angle x-ray scattering spectrum. The fundamentals of the x-ray scattering technique are

now presented.



CHAPTER 3
THE X-RAY SCATTERING TECHNIQUE

The x-ray scattering technique is an excellent probe of inter- and intraparticle

correlations. Many excellent reviews of general scattering theory can be found in the

literature.62-63-64-65-66 A brief discussion of the fundamentals of x-ray diffraction is given

here followed by some details of intraparticle effects in small angle scattering.

Interparticle interference effects resulting from a system of particles with liquid-like

correlations are then described. Finally a description of the scattering from an ordered

array is presented including the effects of grain size, strain, and temperature.

Fundamentals of X-rav Diffraction

When a beam of x-rays is incident on a sample, a characteristic scattering pattern

results. In the systems with which we are dealing, the diffraction of x-rays is due almost

entirely to elastic scattering from the electrons in the material. The scattering

distribution from a single electron is given by the Thomson formula:67

Ie(20) = I0 Imc^

2 1
«

23 <P (3-1)

The angle 20 is called the scattering angle and is illustrated in Figure 3-1. Here IP is a

polarization factor which equals 1 for an incident beam polarized perpendicular to the

plane of scattering ( as is the case for synchrotron radiation ). For an unpolarized beam,
l+cos2(29)

IP = (3-2)

36
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In either case the polarization factor is approximately equal to unity in small angles.

Compton and inelastic scattering are negligibly small at small angles (i.e. 20 < 2° ).64

The elastically scattered waves are coherent, meaning that the total scattered

amplitude is the linear superposition of the electric field vectors for each scattered wave.

The scattering from two scattering centers is illustrated in Figure 3-1. If the amplitudes

of the two scattered waves are equal and of unit magnitude, the total scattering amplitude

will be determined by the relative phases of the two waves. The phase for each wave at

the point of detection equals 2nfk times the optical path for each of the two waves.

Actually, there is an additional factor of 7t which results from the phase inversion

incurred by scattering from an electron. Since all scattered waves are offset by this

factor, the total phase shift is given by

cD = -yr.(s-s0) = -r.(k-k0) (3-3)
Here, s0 and s are unit vectors in the incident and scattered directions, and k0 , k are wave

vectors in the incident and scattered directions. At this point it is convenient to define

the scattering vector, Q, which is the difference in incoming and outgoing wave vectors

so that

Q = k-k0, Q = 2k sin [29] 4tt [201
2

=

X
sin l 2 (3-4)

The scattering vector is the variable typically used in x-ray diffraction and henceforth the

scattering will be described in terms of this quantity. This is done with the understanding
that Q can be related to the scattering angle, 29, by Equations 3-4. The transformation

from Q to scattering angle is approximately linear at small Q with Io ~ 0.07121 Á'1 for

an incident wavelength of 1.541 Á.
With these definitions, the amplitude of scattering from two scattering centers is

A = 1 + exp( -/O) = 1 + exp( -i'Q-r) ( 3-5 )
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Figure 3-1 An illustration of diffraction by two scattering centers and the definition
of the scattering angle, 29.



39

This result can be extended to the case of scattering from a continuous system

characterized by an electron density, p(r). The resulting amplitude is given by

A(Q) = JdVp(r) exp( -iQ r) ( 3-6 )

Hence, the scattering amplitude is equivalent to the Fourier transformation of the electron

density. The observed scattered intensity is related to the amplitude in the following

way:

I(Q) °c AA = f dV, dV2 p(rx) p(r2) exp(-/'Q-(rrr2)) (3-7)

Redefining r = r2 - r2, in Equation 3-7 yields the result that the scattered intensity is

equal to the Fourier transform of the auto-correlation function of the electron density,

pV):

I(Q) “ / dV p2(r) exp( -i Q r) ( 3-8 )

_2 r
where p (r) = J dVj p(r,) p(r2)

This is a very general result which relates the positional correlations of electron density
fluctuations in the system to the measured scattering profile in the absence of

approximations. In cases where a discrete treatment is more appropriate, a particle-
2

particle correlation function replaces the term, p (r), in Equation 3-8.68
Often the systems studied with scattering methods are composed of particles

having an approximately uniform electron density, p,. These particles are suspended in a

gel or solution characterized by another electron density, p2. Neglecting inhomogeneities
in the charge density, the scattering is equivalent to that from a system of particles with
density Ap = p, - p2 superimposed on a background of density p2. There will be no
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observable scattering from the background in the relevant scattering range. The problem

is therefore reduced to the much simpler case of calculating the scattering from particles

of density Ap suspended in a vacuum.64

The scattering amplitude for a system of N identical particles can be written

(3-9)A(Q) = Jp(r) exp( -/Q ( Rk + r)) dV
k=l

N

= 5^F(Q)exp(-iQ-Rk)
k=l

F(Q) = Jp(r) exp( -iQ r) dV

Here Rk is a vector extending from the origin to the center of symmetry of the kth

particle and p(r) is the electron density distribution of a single particle about its center of

symmetry. The quantity, F(Q), called the form factor for the particle, contains all

information regarding intraparticle correlations. The structure factor, S(Q), is the

product of the scattered amplitude, A, with its complex conjugate and is a weighted sum

of the phase factors corresponding to the center of mass positions of all of the particles.

S(Q) therefore contains information concerning interparticle correlations. The scattered

intensity is proportional to S(Q) which can be written :

I(Q) - S(Q) = F(Q) F*(Q) ^Xcos( Q( Rk - Rj)) ( 3-10)
After averaging over all particle orientations and separating those terms where

(3-11)
j=k, this expression ( Equation 3-10) for S(Q) becomes

S(Q) = N< IF(Q)I2 > + Nk F(Q) >l2 z s cos( Q(Rk-Rj))
k j

The pair correlation function, P(r), introduced by Zemicke and Prins69 represents the

probability that two particles are separated by a distance r. In the case of an isotropic

distribution of particle positions and orientations, this can be used to evaluate the double

summation in Equation 3-11. The resulting form for S(Q) is
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S(Q) = N{ <F(Q)>-<F(^)^|^El(l-P(r))47cr2dr } (3-12)
o

where v, is the average volume available per particle in the system. As v, decreases,

interparticle interference effects become more pronounced. With Vj large S(Q) is

dominated by the first term in Equation 3-12. In this case, the observable scattering is

just that of a single particle multiplied by the number of particles in the system. This is

the limit typically explored in SAXS and the detailed properties of the scattered intensity

in this regime will now be discussed.

Small Angle X-rav Scattering

For particles with dimensions on the order of hundreds of angstroms and with a

typical incident x-ray wavelength of 1.5 Á, the majority of scattering features appear in

the range from 0 to 2 degrees. This is typical of block copolymer solutions. Assuming a

dilute, isotropic system of particles, the scattered intensity can be calculated from

Equations 3-8. In all but the simplest cases this must be done numerically. For the

important case of a hard sphere, the structure factor, first derived by Rayleigh,70 is

SsphereCQ) = ' FsphereCQ)'2 = ( ¿P )2 V2
'

sin(QR) - QR cos( QRÍ12
(QR)3 (3-13)

where V is the volume and R the radius of the sphere. A plot of this function for three

radii is shown on a linear and on a log scales in Figure 3-2. For the larger radius, the

scattering function decays more rapidly reflecting the inverse relation between length

scale and scattering vector. This function exhibits well defined maxima at the locations

QR = 5.77, 9.10, 12.32, etc. from which the sphere radius can be determined.
A more general method for determining the average size of particles exhibiting

small anisotropy was developed by Guinier.71 In the limit of very small angles, Equation
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Scattering Vector ( Á )

Scattering Vector ( Á )
Figure 3-2 The scattering form factors for and ideal spheres having radii: 80, 100,

and 120 Á .
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3-8 reduces to

S(Q) = (Ap )2 V2exp
-Q2^

2')

3 J (3-14)

where
Jp(r) r2 dV

Rg = the radius of gyration = ^

Here the integral is taken over a single particle and M is the total mass of the

particle. Equation 3-14 shows that if the log of the scattered intensity is plotted versus

the square of the scattering vector ( called a Guinier plot), the slope of the resulting line

will be proportional to the square of the radius of gyration in the limit of very small

angles. Thus if the shape of the particle is known, the parameters describing its size may

be determined from the radius of gyration as obtained from the scattering profile. For

example, the radius of a sphere is related to its radius of gyration by Rg = \f3/5 R . The

Guinier approximation breaks down for severely anisotropic particles (i. e. plates

or rods ) and is invalid in the presence of interparticle interference effects.

In practice, all of the particles do not have identical radii. Rather, there is a

distribution of radii centered about a mean. In the case of block copolymers this effect

arises from the fact that the polymer chains themselves are polydisperse. For example

the scattering which results from a system of spheres characterized by a gaussian size
distribution, having a mean radius of Rq = 100 Á, and a standard deviations, a = 1, 10,

and 20Á are plotted in Figure 3-3. The number of particles, N, having radius, R, is

given by

N(R) =
1 (R-Ro)2

exp 2a2
(3-15)

and the total structure factor is the superposition of the structure factors from each

particle in the distribution,
S(Q) = JN(R) Ssphere(Q,R)dR (3-16)
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Scattering Vector ( Á )

Scattering Vector ( Á )
Figure 3-3 A plot showing the effect of polydispersity on the scattering form factor

for a gaussian distribution of spherical particles having a width parameter,
CT = 1, 10, and 20 Á.
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The major effect of polydispersity is a weakening of the scattering minima which is more

pronounced with larger o.

Typically, the interface between the particles and background is of finite width.

For block copolymers this region is where the two covalently joined blocks meet. If

these junction points form a perfect surface, the interface is ideal. It is often assumed

that the locations of these junction points are described by a gaussian distribution of

(3-17)

width, This leads to a density profile

p(r) = Ap 1 - erf r'R°ll
É JJ

The structure factor calculated from Equations 3-6 and 3-17, incorporating the effect of

the interfacial thickness, are shown in Figure 3-4. The spheres in this calculation have

a mean radius of 100 Á and values of £ = 1, 10, and 20 Á. There is relatively little

perturbation of the profile at very low Q, but the scattering at higher Q is greatly

suppressed for large values of In addition slight shifts in the locations of the scattering

minima are observed.

At large values of the scattering vector, a different limit is found. In the high Q

region, the expression for the structure factor takes on a much simplified form
2n( Ap )2

S(Q) - Q4- Sa (3-18)
In this equation, Sa is the surface area of the scattering particle. This power law

dependence is called Porod's Law.72 The radius of gyration and the surface area of the

particles can be determined from the limiting forms given by Eqs. 3-14 and 3-18 and are

very useful in deducing the shape and dimensions of the particle. If the surface of the

particle is of finite thickness the scattering at high Q will exhibit systematic deviations
from Porod's Law which depend on the interfacial thickness 'E).

In a method developed by Vonk73 and Ruland,74 the effect of finite ^ is taken into
account by considering the electron density of the particle. p(r), as the convolution of an

ideal electron density profile, p¡(r), and a smoothing function, h(r). Since the scattering
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Scattering Vector ( Á )

The modifications to the scattered profile which result from spheres
having imperfect boundaries are illustrated in these plots for a system of
spheres having a radius of 100 Á and values of x = 1, 10, and 20 Á as
described in the text.

Figure 3-4
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form factor, F(Q), is the Fourier transform of the electron density, p(r), it can be

expressed as the product of the form factor for the ideal particle and the Fourier
transform of h(r), Fh(Q). As described previously, h(r) is often approximated by a

Gaussian having a width parameter equal to q. In this case the total structure factor takes

the form

S(Q) ~ C Q4 exp( -4 k2 Q:) (3-19)
4 2

Consequently, a plot of Q" I(Q) vs Q yields the parameter, Application of this

method to the study of block copolymers is discussed in Chapter 4.

The above discussion was based on the assumption of widely spaced scattering

centers so that the total scattering is the sum of the individual contributions. Now, the

effect of a close packing of particles and interparticle interference will be discussed.

Scattering From Liquids

In the event that interparticle interference is present the scattering is given by

Equation 3-12. In general, the pair correlation function, P(r), depends on the average

volume per particle, Vj, the temperature, T, and the interaction potential, <J>(r). d>(r) is

the two particle potential, i. e. the potential energy of a system of two particles separated

by a distance r. The determination of P(r) from the interaction potential is an extremely
difficult problem which has been extensively studied.7^-77 The approach developed by
Bom and Green76 assumes a modified Maxwell-Boltzman dependence of P(r) on O(r).

Their final result for the liquid structure factor is

S(Q) = N < F(Q)2 > + < F(Q) >2 U2jt)3%p(Q)
- 1 (3-20)

where the function (3(Q) is defined as

exp
P(r)
KbTj

- 1 r sin( Qr) dr (3-21)
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Here e is a constant of the system which is on the order of unity.

As an illustration of the above form, Equation 3-25 is evaluated for the hard

sphere potential:
O(r) =»

= 0

r < Rn

r > Rn

(3-22 )

v0
The resulting profiles for four values of — where v0 is the particle volume are plotted in

Figure 3-5. Interference effects show up in the form of a reduction in intensity at very

low Q, and an enhancement at intermediate Q (Q = 0.03 Á'1). The result is a broad

maximum which grows with increasing concentration. Scattering at higher Q ( Q >

0.045 Á'1) remains mostly unaffected with the exception of a subtle shift in the position

of the primary spherical scattering maximum ( Q = 0.06 Á'1 ).

The Van der Waals force is the origin for the interaction commonly occurring in

many systems. The potential describing this interaction is well approximated by the
Lennard-Jones ( L-J ) form :

\ \ '

: rr c

(3-23 )

•

o 12

’ '

O 6
= O0

— —

kI\ J ,

This potential along with Equations 3-20 and 3-21 was successfully used by Foumet78’79
to predict the scattering from liquid and gaseous argon. Qualitatively, the scattering
curves are very similar to those of Figure 3-5. One distinguishing feature is a sharp

upturn in the scattering at small angles resulting from the long range of the L-J potential.
In addition, a secondary interparticle interference maximum appears on the high Q side
of the primary interference maximum.

From the above discussion, it is apparent that the scattering at high Q in a

concentrated system shows little deviation from single particle scattering. At lower Q,

strong oscillations about the single particle scattering become evident and take the shape
of broad peaks in the spectrum. In the case where the free energy favors a crystalline
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Figure 3-5

The Hard Sphere Model

Scattering Vector ( Á )

Model scattering profiles are shown for systems of spheres interacting
via the hard core potential at varying particle concentrations, v^Vq.
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arrangement of particles, the assumption of an isotropic distribution of particles is no

longer valid. The scattering from ordered structures will now be discussed.

Scattering From Ordered Structures

A crystal is a three dimensional periodic structure.80 The repeat unit for the

structure is called the unit cell. The lattice is constructed by translating the unit cell by
linear combinations of the basis vectors ( designated a,, a2, a3 ). A structure constructed

in this way can be considered to be composed of planes of particles as is shown in Figure

3-6. The scattering amplitude from such a structure will be determined by the phase

difference between waves diffracted from adjacent planes. If the path difference is equal

to an integer number of wavelengths, there will be constructive interference otherwise

the scattering amplitude will be zero. This is a qualitative statement of Bragg's Law62

which in its most common form is

mX = 2d sin( 20/2 ) ( 3-24 )

Here d designates the distance between adjacent planes, X the wavelength of the scattered

waves, and m the order of scattering. In general, adjacent planes are separated by

, ■£", andj in the three crystallographic directions. The integers (h,k,l) are called the

Miller indices and are used to specify crystallographic planes.

Calculating the distance between and the orientation of every group of

crystallographic planes is a formidable task. The concept of a reciprocal lattice is useful
in dealing with this type of calculation.80 In this theoretical construction three reciprocal

lattice vectors are defined

2k( a2 x a3 )
bj = b2 =

27t( a3xa,)
ai • a2 x a3 ’

27t( a, x a2)
b3=a3 • a2 x a3 ’ al' a2 x a3

(3-25 )
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Q

Figure 3-6 An illustration of Bragg scattering from a crystal lattice.
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From vector algebra, one is able to show that the Bragg condition is equivalent to the

requirement that the scattering vector, Q, be a linear combination of the reciprocal lattice

vectors:

Q = hbi + kb2 + lb3 ( 3-26)

Within this construction, Bragg peaks are easily identified and designated by the Miller

indices h, k, and 1. For Bragg's law to be satisfied, the angle of incidence relative to the

set of scattering planes must equal the angle of reflection. This implies that Q is required

to be perpendicular to these planes and, for an orthorhombic system, has magnitude
^ 2k
Q = "d"= 2lt

Th 2 _k 2 T 2

.Ui. +
.*2.

+
.a3.

1/2

(3-27 )

Thus, constructive interference from a perfect crystal will only occur at specific values of

the scattering angle, 20, and for specific orientations of the crystal relative to the

incident beam.

The Effect of Finite Size

A real crystal is generally composed of a large number of crystallites of finite

size. The scattered intensity from a single finite-sized crystallite having n particles in the
unit cell, and Nl5 N2, and N3 unit cells in the x, y, and z directions can be calculated62

and is proportional to the structure factor S(Q),

S(Q) = A A
sin2( N, Q-a, / 2) sin2( N2 Qa2 / 2 ) sin2( N3 Q-a3 / 2 )

sin2( Q-aj / 2 ) sin2( Qa2 / 2 ) sin2( Qa3 / 2 ) (3-28 )

where A(Q) =
V /Qr,ZjHQ) e

^ ¡=i
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In the above expression the scattering amplitude, A(Q) is a function of the form factors,

F,(Q), for n particles at positions r, within the unit cell. This function is peaked when the

following three conditions are satisfied:

Q-aj = 2nh, Q a2 = 2rck, Qa3 = 2n\ ( 3-29 )

or equivalently, when Q is a linear combination of the reciprocal lattice vectors.

In deriving Eq. 3-28 it was assumed that the grains were perfect parallelpipedons

of uniform size. In the limit of large Nj, N2, and N3 and in real systems having a

distribution of grain sizes and shapes, the scattering lineshape is typically well

approximated by the gaussian, having an amplitude, A and a width, of.

The Crystal Structure Factor

From the above discussion it would appear that there exists a peak in intensity

corresponding to all integer values of h,k, and 1. This is true for a simple cubic structure.

However, for any structure having more than one particle in the unit cell, the structure

factor vanishes for certain combinations of h,k, and 1. The vector, r, from Equation 3-33

which specifies the location of each particle within the unit cell can be written as

ri = x¡a1 + y¡a2 + zia3 (3-30)

where x¡, y¡, and z¡ are belong to the interval: [0,1]

The scattering amplitude can now be rewritten as

A(Q) =

ii

-z*(Q)e
i2n( hx¡ + ky¡ + lz¡)

(3-31)
¡=i

For a body-centered cubic structure ( BCC ), there are two particles in the unit
cell having coordinates : x, = y, = z, = 0, and x2 = y2 = Z2 = 1/2. The scattering

amplitude for identical particles is
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A(Q) = 0, h + k +1 odd ( 3-32 )

A(Q) = 2 F(Q) h + k + 1 even

So the crystal structure factor, SBCC(Q) = A A , vanishes at those peak locations where

h+k+1 is odd, and at those locations where h+k+1 is even, the peak is present having an

effective form factor equal to twice that of the constituent particles.

In a similar way, the scattering amplitude can be determined for the face-centered

cubic ( FCC ) structure,

A(Q) = 0 h, k, 1 mixed (3-33)

A(Q) = 4 F(Q) h, k, 1 unmixed

Only those peaks denoted by indices that are all even or all odd will be present (i. e.

(Ill), (200), (311) etc.).

The Effect of Particle Motion

Until now it has been assumed that the particles are stationary on their lattice

positions. In fact, the particles exhibit displacement oscillations about their equilibrium

lattice positions. In conventional crystals, these motions are the thermal vibrations of the

atoms. For the block copolymer system, thermal oscillations for the massive

polystyrene domains suspended within the viscous polybutadiene matrix are negligible.

In these materials, the displacements result from diffusive motion of the domains in the

vicinity of their lattice positions. The change in the diffraction profile due to particle

motion can be described as a modification of the form factor in those cases where the

time characterizing particle motion is much shorter than observation times.

At any time the position of the kth particle can be written Rk. = Rk + ^(t). In

x-ray scattering we measure the temporal average (indicated by triangular brackets ) of
the scattered intensity, which is proportional to the structure factor:
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/Q(Rk-R,) iCK^O-^t))
S(Q) = \ ZwFic(Q)F1(Q) e <e > (3-34)

If uk(t) and Uj(t) are defined to be the amplitudes of oscillation in the direction parallel to

Q, then equation 3-34 can be rewritten as

S(Q) = S,(Q) + Sdiff(Q) (3-35)

S,(Q) = lFk(Q)e'
2

¡Q < uk > *Q (rr-ri)
F,(Q)e e

k

The second contribution in Equation 3-35, Sdiff, contains the cross term, < uku, > which is

vanishingly small unless the kth and 1th particles are very close. The result is a scattering

component that is slowly varying with Q and of very low amplitude. This contribution

to the scattering is called the thermal diffuse scattering and is approximately constant in

the high Q region of the spectrum.

The first term, Sj, is identical to the result for the stationary finite-sized crystal

with the form factor replaced by an effective form factor

Feff(Q) = F(Q) exp( Q2 < u2 >) ( 3-36)

The exponential in the above equation is called the Debye-Waller factor. The peak

widths and positions are unchanged by displacement oscillations, but the peak amplitudes

are modulated by this factor.

The Effect of Strain

In a typical experiment scattering occurs not from one, but from many

crystallites. In general there exist random strain fields within the sample. The result is a

collection of grains having a narrow distribution of lattice constants centered about the
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equilibrium value. If we define the strain, e = Aa/a, then the distribution of strains may

be approximated by

P(e) =
1

exp( 5)/ "
\27toe 2a

(3-37 )

For simplicity we have assumed an isotropic gaussian distribution of strains and a cubic

lattice. The magnitude of the scattering vector at the bragg peak position is related to the

lattice constant via Eq. 3-27. The Bragg peak will be shifted by, AQ, if the lattice

constant is stretched by Aa. The peak shift and strain are related in the following way:

AQ = Q (1/a) Aa = Q e (3-38)

so that the distribution of peak offsets is given by
1 (AQ)2

P(AQ) = —7== exp( - ~2 ) . °q = Qae (3-39)
\27TGq 2oq

The scattered intensity is the convolution of this function with the profile for a strain-free

system. The scattering profile for a strained system in this approximation is the

convolution of two gaussians which is itself a gaussian having a width equal to the sum

of the individual widths added in quadrature:
(Q-Qo)2 2

I(Q) = A (Of/a) exp(-—), a = ( Gf+ (a5Q)2 )1/2 ( 3-40 )

So the effect of strain is to broaden the peak by asQ with an accompanying decrease in

the Bragg amplitude so that the integrated intensity of the peak is conserved. It is evident

that strain broadening is much more pronounced in the higher order peaks.

The Powder Pattern

If the orientation of the crystallites is random, the sample is called a powder. The

scattering will then be a function of the magnitude of Q only. Assuming a Gaussian



57

lineshape for the non-powder averaged Bragg reflection, the powder averaged structure

factor can be calculated

S(Q) =
(2ti 02)

3/2 < exP
(Q-Qo)2'

2o2
.

> (3-41)

Here the brackets indicate an average of the structure factor over all orientations of the

Bragg center, Q0, relative to the scattering vector, Q. The form factor which has been

incorporated into A(Q) is assumed to be isotropic. Without loss of generality, Q is

chosen to lie in the z direction:

Q = Qz, Q0 = Qosin(0)cos(<{>) x + Qosin(0)sin(<t>)y + Qosin(0)z ( 3-42 )

Here 0 and <}) are the conventional spherical coordinates. The average over <\> and 0

yields

S(Q) = a/2tcgQQ0
f (Q-Qo)2] (Q+Qo)2]exp ." 2o2

+ exp 2a2
.

( 3-43 )

The second exponential is negligible for all positive values of Q.
There is an additional factor called the multiplicity, mhk) which arises from the

fact that Bragg peaks having different indices h, k, 1 appear in the same location in the

powder spectrum. The intensity is proportional to the degeneracy of the Bragg

reflection. As examples, the multiplicities of several peaks for a simple cubic lattice are

listed below

m= 6

m= 12

(hkl)= (100)

(HO)

(321) m= 48

(3-44)
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It is possible to identify different crystal structures by comparing the relative amplitudes
of the observed Bragg peaks due to differences in the multiplicities of the different

structures. This will be discussed in greater detail in Chapter 6.

If the effects of temperature, strain, and powder-averaging are included, the

resulting structure factor for a single Bragg peak is
(Q-Qo)2l

S(Q) = Ahkl(Q) exp

where

and

2o2

mhk[ F(Q)2 exp(-<u2>Q2)
Ahu(Q)-Ao yJzKG(Q) QQ0
o(Q)= [c? + (osQ)2'|1/2

(3-45 )

The application of these results to the block copolymer SAXS spectra will be discussed

in Chapter 6 following a review of the block copolymer literature in Chapter 4 and a

discussion of the experimental apparatus in Chapter 5.



CHAPTER 4
BACKGROUND AND LITERATURE REVIEW OF BLOCK COPOLYMERS

The polymer molecule is a long flexible chain composed of covalently bonded

repeat units called monomers. Polymeric materials have long been of interest to chemists

and materials scientists due largely to their advantageous mechanical properties and were

only much later recognized as an excellent system for the study of physics. Major

experimental tools that have proved to be extremely useful in recent studies of polymer

structure, morphology, and dynamical behavior include small angle neutron scattering

( SANS ) and synchrotron x-ray diffraction. Outstanding theoretical advancements have

been made, especially through the application of renormalization group ideas to the study

of chain conformations, due primarily to the original work by de Gennes in this field.22

Polymers—General Background

The size of a single polymer molecule is typically described by the

polymerization index, N,

(4.,)

where M is the mass of the entire chain and Mq is the mass of a single monomer.

Generally, a polymer sample is composed of a distribution of chains having varying total
masses. The mass distribution can be characterized by three parameters: the number and

weight average molecular weights, M„ and Mw, respectively, and the polydispersity

index, n. The number average molecular weight is defined as

Xn,m,
EN¡

(4-2)

59
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Here N¡ is the number of polymer chains of mass, M¡, in the distribution. Similarly, the

weight average molecular weight is given by

XNi Mj2
M" =

XN¡M¡
(4-3)

The polydispersity is a measure of the width of the mass distribution and is defined to be

the ratio of Mw and M,,. It is easily related to the standard deviation of the distribution,

a, through the equation

o = ( < M2 > - < M >2 )1/2 = ( n-1 )1/2 (4-4)

Together the above parameters describe the mass distribution of a collection of

polymer chains. The size of individual chains is described by the end-to-end distance, r.

If each monomer is of length / then the rms value of r can be determined by considering a

polymer chain as a random walk containing N steps of length a. It is well known22 that

for an unconstrained or "ideal" random walk the result is

< r2 > = N P ( 4-5 )

Within this model, the entropy of a single polymer can be calculated and at fixed end to

end distance is

S(r)=S(0)-2^5 (4-6)
From the free energy relation, F=U-TS, it is evident that the chain behaves as a Hooke’s

Law spring, when the entropy term dominates the free energy. The effective spring

constant increases with increasing temperature. This illustrates the physical basis for the

contraction of polymer materials which occurs upon heating.

The above calculation is flawed in that chain conformations are allowed in which

the chain "loops back" on itself so that two or more monomers occupy the same physical

space. Calculations which do not allow these conformations are called self avoiding

walks ( SAWs ) and, for dilute polymer solutions, yield a result similar to that for the

ideal random walk:
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< r2 >>« = / Nv ( 4-7 )

Here v is called the Flory exponent. Theoretical and experimental studies show v=3/5.81

In the concentrated limit, chains can no longer be considered as independent

random walks and the result, although much more difficult to obtain22 is the same as that

for the ideal random walk, Equation 4-5. Polymer chains are therefore swollen in dilute

solutions containing a good solvent and exhibit ideal (i. e. random walk ) conformations

in the limit of a concentrated polymer solution or a pure polymer melt.

The radius of gyration, Rg, is a parameter conveniently measured in both light

scattering and small angle x-ray scattering experiments and is defined as
1/2

(4-8)

For an ideal random walk the radius of gyration is equal to one sixth of the rms end-to-

end distance.82

The Glass and Melting Transitions

Many polymer systems exhibit a melting temperature, Tm, above which the

molecules are in constant relative motion. Below Tm, the polymer chains crystallize by

forming helical or layered structures. In many cases, "bulky" monomers prevent efficient

stacking of the polymer chains so that crystallization is prevented. These materials
exhibit a glass transition temperature, T . Below T , relative motion between chains is

hindered by entanglement effects. Often small molecules called "plasticizers" are added
to the material to increase flow by providing lubrication and lowering Tg.

Above the glass or melting temperatures and in the absence of chemical

crosslinking, polymer molecules are constantly moving relative to one another. For a

long time, the mode of interdiffusion for polymer molecules was not well understood.
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Presently, this process has been clarified and is described by the reptation model

developed by de Gennes.22 Within this model, polymer chains move by "worming" then-

way through an open ended tube in which they are partially encased. The mean time

required for a single chain to reptate through a length of tube equivalent to its own length
is called the terminal time, Tt, and the following dependence on the polymerization index,

N, has been observed:22

xt - Nx , x = 3 - 3.3

The translational diffusion coefficient, Dt, is given by

(4-9)

(4-10)

assuming gaussian chain statistics.

Phase Separation in Polymer Blends

Many of the interesting and useful properties of polymer materials result from

segregated structures in polymer mixtures where the component polymers are

incompatible. In this section, the phase separation process in polymer blends is discussed

as an introduction to the more complex block copolymer case.

Many of the features of polymer phase separation are elucidated in a mean field

treatment developed by Flory21 and Huggins.83 Within this model, the free energy of a

mixture of polymers A and B is expressed in terms of the Flory-Huggins interaction

parameter,

(4-11)

Here EXY is the energy corresponding to an X-Y nearest-neighbor configuration and kBT

is the thermal energy. The polymer system is typically assumed to be incompressible84
so that the volume fractions of A and B monomers can be written: Oa = <J> and
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Ob = 1-0. The free energy for the mixture, including entropy of mixing terms,22 is

F = kBT ln ° + kBT In ( 1-0 ) + x O ( 1-0 ) (4-12 )
iNA 1NB

o o
Here rr- and tt- are the A and B chain concentrations, respectively, in dimensionless

na ^b

units. It is trivial22 to construct the phase diagram for this system including both the

coexistence and spinodal curves. The result for the symmetric case is very similar in

form to the phase diagram illustrated in Figure 2-1.

From the phase diagram it is evident that at temperatures above the coexistence

curve the equilibrium state of the system is a homogeneous mixture. Below the

coexistence curve, the equilibrium state consists of phase separated A- and B-rich

regions. As described in Chapter 2, many interesting kinetic effects can be observed in a

system exhibiting this type of phase diagram. Specifically, upon lowering the

temperature through the coexistence temperature to a final value in the metastable region,

there exists an interfacial energy associated with formation of A- or B-rich droplets. The

mechanism of transformation is nucleation and growth. When the final temperature is in

the unstable region of Figure 2-1, the interfacial energy disappears and transformation

occurs through spinodal decomposition. However, as mentioned in Chapter 2, a sharp

spinodal line is an artifact of mean field theories such as the Flory-Huggins model and

therefore its true physical significance is unclear.

Nucleation and spinodal decomposition have been observed in studies of phase

separation in blends of polystyrene and poly-( vinyl methyl ether) by Nishi et al.85 They

used light transmission, optical microscopy, and NMR techniques. They were able to

identify a range for the spinodal point above and below which morphological structures

corresponding to nucleation and spinodal decomposition, respectively, were observed. It

is expected that qualitatively different behavior should be observed for phase separation

in polymer blends in comparison to binary alloys since diffusion in polymer systems is
believed to occur through the reptation mechanism. Reptation yields a chain mobility
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which is strongly dependent on the reciprocal space vector, Q, and, as a result, alters the

equations of motion for the system. Nevertheless, Nishi's group found that early time

spinodal decomposition behavior agrees well with Cahn's linearized model of spinodal

decomposition,86 a result which is expected in the presence of long-range interactions,

but never observed in metals. McMaster87 also observed a spinodal point in his light

scattering study of polymer blends. In addition, the coarsening behavior observed

following quenches into the metastable temperature regime, was consistent with the

Lifshitz-Slyozov theory55 described in Chapter 2. However, coarsening following

quenches into the unstable regime occurred much more rapidly. McMaster accounted

for this behavior, invoking a viscous flow mechanism based on models developed by

Tomotika.88

Much work has yet to be done on phase separation in polymer blends, but present

results indicate that studies of these systems, because of their slow molecular diffusion,

can yield valuable information toward understanding kinetic effects.1

Block Copolymers - Bulk Properties

As introduced in Chapter 1, the block copolymer ( BCP) is composed of two or

more chemically distinct polymer chains joined by a covalent bond. When the block

chains are incompatible, phase separation similar to that occurring in polymer blends

takes place. The fundamental properties of bulk block copolymers are summarized in a

review article by Hashimoto et. al.84 As described in Chapter 1, block copolymers
exhibit a dissolution temperature, Td, below which microphase separation transition

( MST ) results in the lamellar, cylindrical, and spherical microstuctures shown in Figure
1-2 and above which the system is homogeneous. The morphology of the microstucture
has been found both experimentally23 and theoretically89 to depend only on the fractional

composition, f, of the block copolymer and is believed to be independent of total
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polymerization index, N. In addition, the microphase separated domains are known to

form macrolattices: a lamellar arrangement, a 2-D hexagonal closed packed array of

cylinders and a cubic lattice of spherical domains.

Early theoretical work toward understanding this process was performed by

Meier.90 The driving force for phase separation in a BCP is the repulsive interaction

between the two types of monomers. Since the polymer system is highly

incompressible,28 only those domain configurations which fill all space are allowed. If

the size of the domains exceed the sums of the radii of gyration of the block chains

composing the domain, then that chain must be stretched to satisfy the requirement of

uniform space filling. This results in a loss of conformational entropy and therefore

limits the size of the phase separated domains. There is an additional entropy loss due to

confinement of the junction points (the location of the covalent bond between block

chains) to the interfacial region at the surface of the domain. Meier first identified these

three factors which determine the equilibrium morphology and dimensions of the system.

In addition, Meier recognized that the domains themselves interact through a

potential of entropic origin which in turn is responsible for the macrolattices which the

microdomains are known to form. The physical basis for this interaction can be

understood in the following way. Consider an AB diblock copolymer which forms

spherical domains of the A block in a B matrix. If two A spheres are too far apart, then a

density deficiency is created between them which must be filled by stretching B chains.

In this case, the free energy is increased due to the loss of conformational entropy of the

stretched B chains. Similarly, if two A domains are too close, the volume available to

the B chains between them is too small, again resulting in an increased free energy due to

the loss of conformational entropy. As discussed earlier in this chapter, the contribution

to the free energy from stretching or compressing a polymer chain is quasi-elastic in
form.
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One of the first attempts to predict the dimensions of the equilibrium structure is

that of Helfand and Wasserman.91 Within their model, the structure is composed of

chains individually constructed from self avoiding random walks confined to the

appropriate domain space. In the limit of strong segregation for the lamellar

morphology, they found the following scaling relation between the polymerization index,

N, and the microdomain periodicity, d:

d-N9, 0 = 0.636 (4-13)

Similar results for the value of 0 were obtained for the cylindrical and spherical

morphologies.92-93

The result given in Equation 4-13 was supported by studies of the polystyrene-

polyisoprene system by Hashimoto et al.94-95 They cast polymer films from solutions

having fractional compositions that yield the lamellar and spherical structures at varying

total degrees of polymerization. The films were studied with the small angle x-ray

scattering technique. From the SAXS profiles, the periodicities of the lamellar

structures, D, were calculated as well as the lattice constants and spherical radii, R, of

the spherical structures. In addition, Hashimoto’s group studied the systematic deviations

from Porod's Law in the high Q region of the scattered profiles ( discussed in Chapter 3)

to estimate the thickness of the interfacial region, separating polystyrene and

polyisoprene domains. Their results indicate the following scaling relations for the

lamellar samples:

d~NM (4-14)

^ - N°
For the spherical structure, the same relations were found to hold and, in addition, the

following empirical relationships were observed:

R~N2/3

Pj ~ N1/3
(4-15)
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In these equations, Pj is the density of junction points on the surface of the spherical

microdomains calculated from the sphere radius, the bulk density of polystyrene, and the

molecular weight of a single polystyrene block. For both morphologies, the periodicity

scales with molecular weight in fair agreement with theoretical predictions.93

The exponent in this relation is greater than the exponent of 1/2 predicted for the

radius of gyration, Rg of the chain in a homogeneous melt.22 This indicates that the
individual chains are stretched in the direction perpendicular to the domain surface. A

more recent study confirms this assertion. Hasegawa et. al.96 studied lamellar

polystyrene-polyisoprene using small angle neutron scattering ( SANS ). By deuterating

the polystyrene block of the polymer, they were able to determine the radius of gyration

of these chains from the SANS profile. In their solvent cast films, the lamellae

preferentially lie parallel to the film surface. By scattering from the film edge and
surface they could measure Rg both parallel and perpendicular to the domain surface,

respectively. Their results indicate an elongation of the chains by 60% perpendicular to

the lamellar surface and a contraction of 30% in each of the parallel directions.

A vast amount of work on similar systems also supports these scaling relations for

lamellar,25'97-98-99-100-101 cylindrical, and spherical101-102-103-104-105 microdomain

morphologies in the strong segregation limit.

Leibler89 presented a Landau mean field35 analysis of the MST occurring in an

AB diblock copolymer having a fractional composition f, a Flory-Huggins interaction

parameter %, and a total polymerization index N. The order parameter y(r), was defined
to be the local density deviation of the A monomer, \yA(r), from its mean value in the

homogeneous state; \|/(r) = < \yA(r) - f >. The static structure factor, S(Q), is defined as

S(Q) = J exp( -i Qr) < AyA(r) AyA(0) > d3r (4-16)
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Leibler expands the free energy in powers of the order parameter. Using the random

phase approximation,22 S(Q) and the free energy are evaluated to fourth order in y(Q)

(the fourier transform of \|/(i)). By assuming that the minimized free energy near the

transition is dominated by fluctuations with Q = Q* (Q* - Rg"1), Leibler is able to

evaluate the coexistence and spinodal curves in the (%N) - f plane and determine the

limits of stability of the different polymer morphologies.

The stable morphology is found to depend not only on the fractional composition,

f (as shown in figure 1-2 ), but also on the temperature. Such transitions, i. e.. from

spherical to cylindrical to lamellar, with changing temperature were later observed

experimentally.23 In addition, Leibler argues that the stable macrolattice for the

cylindrical morphology is the two dimensional hexagonal close-packed structure (HCP)

and for spherical domains is the BCC structure. There have since been reports of a

variety of different macrolattices ( BCC as well as FCC and SC ) observed for the

spherical domains.106

The above formulation yields a scaling relation between the periodicity, d = Q*1,

and the polymerization index, N,

d - N1/2 (4-17)

for the weak segregation limit ( where the density profile is a varies smoothly ), distinct

from the relation derived for the strong segregation limit, where well defined interfaces

exist ( Equations 4-13 and 4-14 ). Recent support has been given to this scaling relation

by Chakrabarti et. al.107 who performed Monte Carlo simulations using a two

dimensional lattice model composed of restricted self-avoiding random walks. Their

results and experimental measurements by Shibayama et. al.108 also yield the relation

given in Equation 4-17.

Ohta and Kawasaki109 extended Leibler's theory by including the effects of the

long-range elastic interaction. Using the random phase approximation in the strong
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segregation limit they obtain results similar to those of Leibler, and calculate the correct

scaling relation for this limit (Equation 4-13 ).

More recently, Frederickson and Helfand110 have attempted to improve upon

Leibler's theory by including the effects of concentration fluctuations in the self-

consistent Hartree approximation.111 Their results are similar to those of Leibler, but

they find the transition temperature to be no longer linear in N, but proportional to Nl+P,
where 3 is small. The differences between these predictions and those of Leibler are,

however, small and have not yet been resolved experimentally.

In addition to the three commonly observed morphologies: lamellar, cylindrical,

and spherical, a new morphology called the ordered bicontinuous double-diamond

(OBDD) structure has recently been observed23-27 in the polystyrene-polyisoprene

diblock copolymer. The structure is composed of tetrapod domains probably residing on

the double-diamond lattice. This structure was observed in SAXS and electron

microscopy studies when the volume fraction of polystyrene is in the narrow range

between 0.62 and 0.66. The OBDD morphology appears between the cylindrical and

lamellar morphologies in the accepted morphology scheme( Figure 1-2 ). This discovery

shows the possibility of finding more interesting and technologically useful

morphologies.

Bulk Block Copolymers - Kinetic Studies

The theory of the kinetics of the MST is not well developed at the present time.

Kawasaki and Sekimoto112 present a complex model of this process within the reptation
model of polymer diffusion. These results are, however, still very preliminary.

Oono and Bahiana113 employed a cell dynamical model to describe the MST in a

symmetric diblock copolymer in two dimensions. The partial differential equation used
to describe the time development of the order parameter was a modification of the Cahn-
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Hilliard equation.1 The two dimensional patterns resulting from their computations

accurately reproduced those observed in electron microscopy studies.84 Using the results

of their computations, dimensional analysis, and comparisons to equilibrium theories

89-109 they obtain a relation between the exponent, 9, describing the equilibrium

periodicity of the microphase structure (Equation 4-13) and the exponent, 4>, describing

growth of the microdomains during spinodal decomposition:

L~t* (4-18)

That relation is

0 = 2({) (4-19)

This implies that in the strong segregation limit, where 0 is believed to be 2/3 for the

lamellar morphology, f = V3, in agreement with the Lifshitz-Slyozov result described in

Chapter 2.

Block Copolymer Solutions

The first observation of an ordered structure in block copolymer solutions

occurred in 1966 by Vanzo.114 In studies of the optical reflectance of diblock copolymer

solutions as a function of increasing polymer concentration, C, a critical concentration,

C , was found at which point a sharp increase in reflectance was observed. In addition,

above C , the peak in optical reflectance moved to larger wavelength with increasing C.

From these data Vanzo postulated the presence of an ordered structure at concentrations

above C , with an identity period that increases with increasing polymer content.

Early work by Sadron and Gallot25 helped to clarify these effects. They studied a

polystyrene-polybutadiene diblock copolymer mixed with styrene monomer, a selective

solvent ( one in which only the styrene blocks are soluble). After the solutions were

prepared they were illuminated with UV light to polymerize the styrene monomers.

Through this "post-polymerization" technique the polymer solutions are converted into a
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gel for electron microscopy studies presumably without altering the microstructure of the

solution. The resulting sample were stained with osmium tetroxide and studied with

transmission electron microscopy (TEM ). From these experiments, Sadron and Gallot

identified two critical concentrations, C,* < C *■ Below C,*, the mixture was

homogeneous. In the region between Cj and C2 , cylindrical polybutadiene domains

were observed in a disordered arrangement. Above C2 , the cylindrical domains were

observed in and ordered arrangement. From these results, it was inferred that C2*

corresponds to the quantity C* observed by Vanzo.

Sadron and Gallot25 and Skoulios97 also observed morphological transitions

(i. e. from spherical to cylindrical, or cylindrical to lamellar microstructures ) with

changing polymer concentration in solutions. Using the same "post-polymerization"

technique they were also able to observe morphological transformations upon altering the
fractional composition, f, of the polymer chain.

Pico and Williams115 studied the ordering transidon in triblock copolymer

solutions using rheological measurements. A transition from non-Newtonian to

Newtonian viscous flow was observed upon increasing the polymer concentration above

the measured critical value.

The properties of BCP solutions have been systematically explored by many

researchers90- 103.H6.H7 using a variety of techniques, but perhaps the most complete

description of these complex systems is presented in a series of five papers by Hashimoto
et al.2*- Ii8.ii9.i20.i2i They performed rheological and small angle scattering measurements

of the equilibrium structure of diblock copolymers in both selective and nonselective
solvents as a function of temperature and polymer concentration. A brief discussion of
the equilibrium and kinetic results reported by Hashimoto et. al. is given here.
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Equilibrium Measurements

The first two papers of this series28-118 report studies of the diblock copolymer

polystyrene ( PS )-polybutadiene ( PB ) in the selective solvent n-tetradecane ( C14 )
which dissolves the PB block. The BCP had a number average molecular weight, M„ =

5.2 x 104 and a fractional composition, f = 0.30. The solutions studied had the following

polymer concentrations: 8, 11, 20, 35, and 60 wt.% polymer. At these concentrations

and at this fractional composition the MST results in spherical PS domains within a

PB/C14 matrix. X-ray scattering profiles were acquired at varying temperatures upon

heating and cooling. The x-ray spectra were corrected for parasitic scattering and

collimation errors resulting from instrumental resolution.

In these experiments, Bragg peaks were evident in the low temperature spectra for

all of the solutions in the relative locations \[\, y¡2, \¡3, and after collimation

correction. The lattice constants were determined from the first Bragg peak location and

the average radius of the PS spheres was determined from the location of the first

maximum in the spherical form factor as described in Chapter 3. It was speculated that

the macrolattice of PS domains was simple cubic ( SC ) rather than body-centered cubic

( BCC ) from comparisons of the calculated and stoichiometric PS volume fractions for

these structures. This type of calculation is described in detail in Chapter 6.

As the temperature, T, for each solution was increased, the Bragg peak amplitude

decreased continuously while the full width at half maximum (FWHM ) remained

unchanged. In addition, the calculated lattice constants decreased slowly with increasing

temperature. At a polymer concentration dependent temperature T0, the Bragg amplitude

decreased abruptly, accompanied by an increase in the FWHM and a drop in the lattice
constant. As the temperature was increased further above T0, the peak amplitude and

lattice constant continued to decrease, while the width increased rapidly . Finally above
T = Td, no further evidence of the peak structure remained.
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Hashimoto et al. associated the temperature T0 with the disordering of the

macrolattice resulting in a "liquid-like" arrangement of the PS spheres. The temperature,

Td, is identified as the dissolution temperature at which point the PS domains totally

dissolve. In order to clarify these interpretation, rheological measurements were made on

the polymer solutions as a function of temperature. Two transitions in the mechanical
properties were identified. Upon raising T above T0, a transition from non-linear plastic
flow to linear non-Newtonian flow was observed in support of their identification of T0.

Also, at T = Td, a transformation from linear non-Newtonian flow to linear Newtonian

flow was seen in agreement with earlier studies115 identifying this behavior with the

dissolution point.

The authors identify a number of quantitative trends in the thermal behavior of

the system. The dependence of the apparent lattice spacing, a, on temperature both
above and below the ordering point were consistent with the following empirical relation
above and below the discontinuity at T0:

a ~ T’1/3 ( 4-20 )

The discontinuity in a at T = T0 is thought to be due to the change in structure occurring
at this temperature. Above T0, the peak is no longer a Bragg peak, and therefore,

determining a lattice constant from the peak position is erroneous. The decreasing trend
of a with T is the result of two factors. First, the PB chains between the domains

contract upon heating to increase their conformational entropy. Second, at higher
temperatures the effective interaction, given by the Flory-Huggins parameter, x ~ l/kBT.
is reduced resulting in greater intermixing of the PS and PB chains which in turn causes a

contraction of the lattice. The authors believe the second of these two is the more

important effect at all temperatures.

The Bragg widths below T0 appear to be independent of temperature. The
authors offer an interesting explanation for this result. The domain-domain interaction in
BCP solutions is assumed to be much the same as described by Meier for the pure
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polymer system, being quasi-elastic. The change in free energy, AF, due to small
elongations, Aa, of the lattice constant from its equilibrium value can therefore be

expressed as

AF~f(C,T)( Aa)2 (4-21)

Here f(C,T) , the spring constant of the PB chains, is a function of the polymer

concentration, C, and temperature. The authors argue that if the distribution of strains

satisfies the Boltzmann distribution, then the distribution of lattice constants is

characterized by a gaussian form having a width parameter, Ga,
kRT

Ga2(C,T)-f(CT) (4-22)
The "spring constant" for the PB chains is entropic in origin as described earlier in this

chapter so that
f ( C , T ) - kBT (4-23 )

Together 4-22 and 4-23 imply a strain distribution which is independent of temperature.

Therefore the Bragg peak width is expected to be independent of temperature when strain
is the dominant contributor to the width.

The authors propose the following intuitive explanation for disordering of the
macrolattice. As the temperature is increased and there is greater intermixing of the PS
and PB chains, the PS blocks extend further into the interstitial region between the

spheres. The PB chains are thus relaxed by intermixing and the effective potential well
of equation 4-21 becomes more shallow until melting of the macrolattice results. When
the demixing becomes pronounced, the domain-domain interaction is no longer purely

entropic. The energetic contribution to the interaction is claimed to be the cause of the

increasing trend in the peak width with temperature just below the dissolution

temperature.

Hashimoto et al. also observed several trends with increasing polymer

concentration. Both T0 and Td increased with increasing concentration due to reduced
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screening of the PS-PB interaction which results in a higher Flory-Huggins interaction

parameter, %■ The measured lattice constants were consistent with the scaling relation

a - C'm ( 4-24 )

Again, the data extend significantly less than a decade in both a and C. The PS sphere

radius, R, was seen to increase slowly with increasing C. This trend was said to be the

result of a shifting in the relative weights of the energetic and entropic terms in the free

energy. At higher concentrations, more chains are added to each domain increasing the

sphere radius. As a result the PS chains are stretched and some conformational entropy

is lost, but the interaction energy from the surface to volume ratio is reduced.

Time-Dependent Experiments

As an extension of their earlier work on equilibrium properties, Hashimoto et. al.

performed what appear to be the only kinetic studies of the block copolymer system to

date.122-123-124 They again studied PS PB diblock copolymer in the selective solvent C14.
The fractional composition was f = 0.30, and the molecular weight was M„ = 5.2 x 104.

The polymer concentrations studied were 20, 25, 30, 35, and 40 wt.% polymer in

solvent. They attempted to measure the polymer diffusion coefficient as a function of

temperature by performing temperature jump experiments using the time-dependent
small angle x-ray scattering technique. These measurements are described in some detail
to provide a comparison with the experiments reported in this thesis.

The polymer solutions were initially held in equilibrium at room temperature.

The temperature was then rapidly raised to a point above the dissolution point. With the

thermodynamic driving force for the MST removed, it was thought that the system would
relax to the homogeneous state through diffusion of the center of mass positions of the

diblock chains. By studying the SAXS profile as a function of time, it was their goal to
measure the diffusion constant, Dc, for the diblock chains in solution.
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In fact, even at elevated temperatures, the interaction between PS and PB

monomers will still affect the dissolution process. In addition, the diffusivity of the

whole chain is a function of the diffusivities for each of the individual blocks. As a

result, the measured quantity is an effective diffusivity, Deff.

The polymer solutions were placed in an aluminum sample cell, which was sealed

with mica windows, and held at room temperature. The sample cell was then rapidly

transferred manually to a large copper heating block which was controlled at the desired

final temperature. The sample temperature exhibited a sigmoidal variation with time and

a time constant of 6 seconds. Placement of the cell in the heating block triggered the

start of data acquisition. Sixty-four consecutive scattered spectra were taken in real time

following the temperature jump, each with an exposure time of 2 seconds. Due to poor

counting statistics, temperature jumps to each final temperature were repeated 10 times

and for each iteration, the spectra corresponding to the same time slice were summed.

The resulting SAXS profiles exhibit a first-order peak which decays rapidly with

time following the temperature jump. A relation between the scattered intensity, I(Q,t),
and Deff. was derived involving three assumptions: an isotropic particle distribution,

Fickian diffusion of the diblock chains, and no center of mass motion for the

microdomains while they dissolve, i. e.. no macrolattice disordering. Their result is

I(Q,t) = I(Q,t=0) e'2 O' D*ff1 (4-25 )

From this expression, the intensity decays exponentially with time and so Deff can be

determined from the slope of the semi-log plot.

The interpretation of these results is complicated by the speed with which

transformation takes place. Much of the transition occurs non-isothermally. In order to

account for these non-isothermal effects, a crude model for the time development of the

scattered intensity was derived and is described by the following recursion relation:

KQ-Vi) = [ I(Q,tj) - Ie(Q,Tj) ] e'2 O'At + lc(Q,y (4*26)



77

Here the temperature jump is divided into time increments, At. The intensity at time, tj+1
is determined from the intensity at the previous time increment, tj. During each
increment, the intensity moves toward the equilibrium intensity distribution, Ie

corresponding to the temperature Tj which is the temperature of the sample at time tj.
In order to further simplify the problem, Deff is assumed to follow an Arrhenius

temperature dependence:

Deff = °o exP (-AD») ( 4-27 )

Their model for the temporal development of the intensity at any scattering vector, Q, is

a function of the two parameters, D0, and the activation energy, AHa.

The authors plot the logarithm of the scattered intensity at a specific scattering

vector, Q*, near the first-order maximum as a function of time following the quench.

The data are generally non-exponential at early times becoming exponential at later

times. This behavior is accurately reproduced in their model described above. The

authors present two methods of extracting the desired parameters from the data. First,

the diffusion constants Deff are determined from the late time exponential region of the

data and from a plot of Deff versus temperature, AHa and D0 can be calculated. The

second method, involves varying D0 and AHa and individually matching the model

( Equation 4-26 ) to the measured data. The two methods gave similar numerical results
for AHa and D0. The data were found to be consistent with the following relation:

D0 - C1-75 ( 4-28 )

Results for the activation energy, AHa, show no consistent trend, but yield results for all

concentrations in the vicinity of 10 kcal / mole.

As can be seen from this brief discussion of the current literature, experimental

studies of BCP transition phenomena are still quite limited. These systems are rich in
their diverse microstructural morphologies and the transitions which occur between them
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and the homogeneous melt. This complex behavior has been the stimulus for the series

of experiments reported here.



CHAPTER 5
THE POLYMER XRAY SCATTERING EXPERIMENT

In this chapter, the experimental apparatus is described beginning with a brief

overview of the data acquisition system. This is followed by a more detailed discussion

of the major components of the apparatus: the polymer x-ray scattering furnace and the

SAXS apparatus. The chapter is concluded with a discussion the experimental

procedures employed in these studies.

System Overview

The objective of these studies was to observe structural changes in block

copolymer solutions as a function of temperature and time by measuring the SAXS

profile. The data acquisition system which was devised for this purpose is shown in

Figure 5-1. The control system is centered around an IBM PC AT operating in the

ASYST environment. The programs and routines written to control the data acquisition

system are described in Appendix A. The computer controls the x-ray detector and

polymer x-ray scattering furnace through four devices controlled via the General Purpose

Interface Bus. These devices are a PAR 1461 detector controller, a Stanford Research

Systems Model DG535 digital delay generator, a Micristar temperature controller, and a

Keithley 197 digital multimeter.

The PAR detector interface controls the PAR 1412 XR position sensitive x-ray

detector. Upon receipt of commands from the computer, the detector interface relays
those commands to the detector, then stores up to 512 acquired spectra for DMA transfer

79
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Figure 5-1 A schematic of the data acquisition system.
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to the computer at a later time. The silicon diode array detector is evacuated using a

Leibold D8A two-stage roughing pump and requires a cooling system ( A Fisher Model

900 Circulator). The details of the SAXS apparatus including the detection system are

discussed momentarily.

The sample temperature is monitored and controlled by a Micristar temperature

controller operating in the proportional mode of control. In this mode, the Micristar

compares the sample temperature to the programmed setpoint and outputs a DC voltage

between 0 and 5V which is proportional to the difference. This voltage is sent to a

specially designed heating circuit ( described in Appendix B ) which in turn controls the

current to heating resistors in the polymer x-ray scattering furnace. In this way, the

sample temperature is controlled with a stability of +- 0.3 °C. The details of the x-ray

scattering furnace are discussed momentarily. The sample temperature as determined

from the thermocouple voltage emitted by a thermocouple embedded in the sample is

also monitored by a Linseis Model L4100 chart recorder and the Keithley multimeter.

The time-dependent measurements were performed by annealing the BCP
solution above its dissolution point, Td, and then rapidly lowering the temperature to a

fixed point below Td and observing the structural transition through the SAXS profile.

This thermal quench is achieved by forcing a fixed amount of coolant rapidly through a

quenching channel in the sample mount. The measured coolant was injected into the

aperture of the quenching channel inlet to the furnace. Polypropylene tubing extending
from a cannister of helium was then connected to the quenching channel inlet. A

solenoid valve placed between the furnace and the helium was used to control the time
and duration of the helium burst which was initiates the quench. The solenoid valve is

controlled by the digital delay generator through a specially designed solenoid interface

circuit, a schematic of which is shown in Appendix C.
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A description of the procedures performed in these experiments is given later in

this chapter. Now, a more detailed discussion of the major components to the data

acquisition system, the polymer furnace and the SAXS apparatus, is presented.

The Polymer X-rav Scattering Furnace

The polymer quenching furnace is composed of three parts : the furnace body, the

translational stage and the sample mount. The furnace body and the translational stage

were originally designed for use in other experiments and were used here with relatively

minor modifications. The sample mount, however, was specifically designed for these

experiments and will therefore be described in slightly more detail.

The Furnace Body

The body of the furnace is essentially a vacuum chamber composed of a stainless

steel base and an aluminum lid. These two parts are joined with an o-ring seal and a

number of bolts arranged in an octagonal pattern. The furnace base as seen from above

is shown in Figure 5-2.

The lid is a cylindrical aluminum shell with two aluminum windows for entrance

of the incident x-ray beam and exit of the scattered radiation. The windows are

aluminum plates with 2,/4" diameter holes. The window frames are bolted to the lid for

easy replacement. The frames are sealed to the lid with o-rings. A number of window

materials were tried and the two optimal materials were beryllium and Kapton. Kapton
is the tradename for a polyimide material commonly distributed in sheets and used as

substrates or vacuum windows. Beryllium is the standard window material used in wide

angle x-ray scattering and offers the best percentage transmission ( 96.17% for a 5 mil

sheet). However, it is a horrendous parasitic scatterer in the region of interest in these
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Figure 5-2 A top view of the polymer x-ray scattering furnace illustrating the relative
placement of its various features descibed in the text.
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experiments. Parasitic scattering is defined as that unwanted component to the scattering

profile which is a result of scattering from slits and window materials. This quantity was

measured as the integrated number of counts per second above background. This

quantity for the 5 mil beryllium sheet was 8.0 times larger than for the 5 mil Kapton

sheet in the 0.05 to 1.0 degree range and 5.2 times larger in the 0.05 to 0.35 degree

range. Although the percentage transmission was slightly less (transmission = 91.13% )

for the Kapton, the reduction in parasitic scattering was much more important. The

Kapton windows were sealed to the window frame with Omegabond epoxy and resin.

The chamber was evacuated with an Edwards ETPG pumping station which

incorporated a roughing pump and a turbomolecular pump. The ultimate pressure

typically achieved under experimental conditions was between 1 and 10 millitorr. The

pressure was much lower ( below the level which could be read from the Varían

thermocouple gauge controller ) when the windows were replaced with solid aluminum

plates. For this reason, it was concluded that the ultimate pressure was being limited by

permeation through the Kapton windows. The vacuum pressure probably could have

been improved with thicker Kapton windows, but the pressure was satisfactory for these

measurements and further improvement was unnecessary.

The furnace body has a number of vacuum feedthroughs. These are shown in

figure 5-2 and include the following. An eight-pin electrical feed through is used to pass

current to the resistors which heat the sample. The feed through was a standard high

vacuum flange which bolted to the side of the furnace and was sealed with teflon tape.
tt ti

Two V4 outer diameter, 7g inner diameter copper tubes were passed through the

furnace wall and were sealed with standard Swadgelock fittings. These tubes were used

to pass coolant through the sample mount to initiate the thermal quench during the

kinetic measurements. One feedthrough passes four thermocouple connections into the

chamber : two chromel and two alumel. One chromel and one alumel connection are

used to form the thermocouple junction which compose a single thermal sensor. Both
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sets of connections were used, one to monitor the sample temperature and one to monitor

the sample mount temperature. A Varían Type 0531 thermocouple gauge head was

attached in the location shown in figure 5-2 with teflon tape. The sensor was connected

to a Varían 843 gauge controller.
It

The chamber was evacuated through the 72 vacuum port shown in the Figure.

Two additional high vacuum flanges are available on the scattering furnace, but are not

being used at this time.

The Translational Stage

The base of the furnace body is cut into a dovetail shape. The base mates with a

brass translational stage, the bottom of which is itself cut into the dovetail shape in the

orthogonal direcdon. An additional brass plate mates with this piece, and by sliding the
dovetail within its track, two independent translations are provided for centering the

sample in the x-ray beam. The translational stages are mounted on a Huber Four Circle
Diffractometer (the four independent orientation angles were a little overkill in a small

angle scattering experiment) via the standard Huber Goniometer connecting ring. The

connecting ring can be translated vertically. Along with those translations allowed by the
brass translational stage, three degrees of freedom are provided for centering the sample
in the beam. The connecting ring is typically adequate for small samples or sample

chambers, but is inadequate for a furnace of this size. For this reason, appropriate

spacers were chosen and the vertical translation of the connecting ring was set so that the
furnace bottom rested on the spacers. Then four additional screws were used to further
secure the furnace to the diffractometer.

As stated previously, the furnace body and translational stage were originally
designed for use in the Cu3Au experiments being performed in the laboratory and were

used with minor modifications (i. e. installation of the quenching loop feedthoughs ).
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However, the sample holder was designed specifically for these experiments. Many

iterations were required to optimize the performance of the sample mount. The

development of the sample mount is described in Appendix D. Only the final version is

described here.

The Sample Mount

The sample mount is composed of two parts, the heating unit and the sample cell

both of which are shown in Figure 5-3. the heating unit was mounted in the furnace and

remained there throughout the experiments, while the sample cell was replaced for each

polymer solution.

The sample cell is a 27 mm x 12 mm x 3 mm copper block. A slot of dimensions

2 mm x 5 mm was cut in the copper block to serve as the sample cavity. The polymer

solutions were held in this cavity by two 2 mil Kapton windows. The Kapton windows

were sealed using Omegabond high temperature epoxy. Two 1/16" stainless steel masks

were bolted to the front and back of the sample cell to provide structural support to the

seal, these masks were found to be essential in preserving the integrity of the seal at the

elevated temperatures used in these experiments.

The sample temperature was measured by inserting an Omegaclad K-type

thermocouple directly into the sample cavity through a 1/16" diameter hole, these

thermocouples are composed of one 3 mil chromel and one 3 mil alumel wire extended

parallel to each other and surrounded by a cylindrical stainless steel shell. This

cylindrical sheath is packed with ceramic powder which prevents contact between either

of the alloy wires and the outer shell. The metal coating and ceramic powder are sheared

off at both ends of a 2" long section. At one end, the leads are welded together to form

the thermocouple junction, at the other end, the wires are connected to the thermocouple
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Figure 5-3 The final sample mount is illustrated in a front and top view. Evident in
this drawing are the quenching tubes, the heating resistors, the
thermocouple, the stainless steel masks which support the Kapton
windows, and the stainless steel brace which firmly clamps the sample
cell into the sample mount.
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feedthroughs previously mentioned. The thermocouple junction is inserted into the

sample cavity and the stainless steel sheath is sealed to the copper cell using silver solder.

At the end of the cell opposite the thermocouple, a 2-56 threaded hole is made.

In this way, the window and thermocouple seals are made and then the polymer solution

is injected into the cavity through this hole. The hole is subsequently sealed using a 2-56

screw wrapped with teflon tape.

The heating/quenching unit is composed of two 12 mm x 15 mm x 25 mm copper

blocks between which the sample cell is rigidly clamped using two stainless steel braces.

The unit is heated by two 3Q Ohmite brand wirewound resistors which are embedded in

the center of the copper blocks.

The quench is achieved by passing coolant rapidly through a quenching channel

in the copper blocks ( Figure 5-3 ). Two 1/8" diameter holes are made in the copper

blocks and are interconnected by 1/8" outer diameter, 1/16" inner diameter copper tubing

as shown in the figure. The copper tubing is sealed to the heating unit using silver

solder. Stainless steel tubing of the same size is used to connect the quenching channel

to the vacuum feedthroughs. This stainless tubing was the sole support for the sample

mount in the furnace and was used because its poor thermal conductivity ( relative to

copper) helps to isolate the sample mount from the external environment.

An additional thermocouple called the base thermocouple is clamped to the

copper heating unit. The temperature of the base was found to react much more quickly

than that of the sample. For this reason, the base is used as the control temperature by

the Micristar temperature controller. With this design, a temperature stability of +- 0.3°C
is achieved.
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The Quench Technique

The objective of the kinetic measurements was to rapidly lower the sample

temperature from a fixed point above the dissolution temperature to a fixed temperature

below and observe the transition process through the SAXS profile. In order to be

successful, a fast temperature drop and good final stability were essential. These criteria

were satisfied using the sample mount previously described and the following quench

technique.

The sample temperature is initially maintained at a temperature, T¡, by the

Micristar temperature controller. At this time a measured quantity of coolant is injected

into the polypropylene tubing connecting the quenching channel of the furnace to a

helium cannister. The coolant is placed in the inlet tube, just outside the furnace.

The quench is initiated by interrupting current to the resistors and actuating the

solenoid valve thereby releasing a controlled burst of propellant. Typical base and

sample temperature profiles which result are shown in Figure 5-4. The coolant is rapidly

forced through the heating unit and out of the furnace. The base temperature is seen to

drop rapidly, levelling off at the termination of the propellant burst. As time proceeds,

the base temperature begins to rise. This is due to the diffusion of latent heat out of the

resistors. The ceramic from which the resistor is made is a poor thermal conductor and

acts the contain the heat initially, releasing it slowly as time proceeds. The undershoot in

the base temperature which results is an essential part of the quench technique used in
these measurements.

The change in the sample temperature, ATS, in a time, At, is expected to be

proportional to the difference between the sample, Ts, and the base, TB, temperatures

( assuming no other avenues for heat loss or gain from the sample ):
At

ATs = (Tb-Ts)- (5-1)
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Figure 5-4 A typical quench profile illustrating the base and sample temperatures as a
function of time following the quench. The dashed line is a model
(described in the text) of the quenching behavior expected with identical
base and sample characteristics, but without the undershoot in base
temperature.
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where x is an effective time constant determined by geometry and the thermal

conductivity of the polymer solution. Using this relation, it is found that the observed

sample temperature profile can be adequately reproduced assuming a time constant,

x=6.6 sec.

In previous quench experiments on these materials, the base temperature

monotonically decays to the final temperature. If the base temperature changes rapidly

relative to the sample temperature, as is the case here, the resulting sample temperature

profile from Equation 5-1 is sigmoidal:

Ts(t) = ( T; - Tf) exp( -t/x ) + Tf ( 5-2 )

The dashed line in Figure 5-4 is a plot of this equation assuming the same time constant

estimated from measured sample and base temperature profiles, x=6.6 sec. It is evident

from the graph that the equilibration time, defined as the time required to reach within 1

°C of the final temperature, using the undershoot in base temperature

( - 15 seconds ) is significantly better than that obtained without the undershoot

( - 35 seconds ).

As seen in the figure, the final temperature is that point where the sample and

base temperatures meet. The effect of the latent heat in the resistors is to continue to heat
the base temperature above this point. In order to circumvent this problem, the digital

delay generator was programmed to deliver a 0.25 second pulse of helium to the furnace

upon command. When the base temperature rises above an acceptable level, a pulse of
He is administered manually to lower the temperature. This procedure results in a peak
to peak ripple in the base temperature of approximately 2 °C, but due to the lag in the
sample temperature, the peak to peak ripple in Ts is typically less than 0.6 °C.

In this way, quenches to within 1°C of the final temperature are obtained without

undershoot in approximately 15 seconds, with a subsequent thermal variation of
+- 0.3 °C
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The X-rav Scattering Apparatus

The x-ray scattering system can be conceptually divided into three parts: the x-

ray source, the collimation system, and the detection system. This research was

performed at the National Synchrotron Light Source of Brookhaven National Laboratory

on the joint IBM/MIT beamline X20C. A very high intensity x-ray beam having good

intrinsic collimation is provided by the synchrotron. The beam then passes through the

collimation system which includes a focussing mirror, a high intensity multilayer

monochromator, a series of in-vacuum slits, and a beam path assembly. The angular

distribution of the diffracted beam is measured by a silicon diode array position sensitive

detector which allowed ultra-fast spectrum acquisition. Each of these elements will now

be discussed in more detail.

The National Synchrotron Light Source

For many years, synchrotron radiation was considered a parasitic by-product of

synchrotron particle accelerators used in particle physics investigations. Now it has

become one of the most useful tools in spectroscopic and x-ray scattering studies.

Synchrotron radiation has proven particularly useful in x-ray scattering studies of

structural phase transitions where the high flux of x-rays and intrinsic angular collimation

result in many orders of magnitude improvement in resolution and counting

times 125, 126, 127,128

A synchrotron is a circular accelerator for charged particles, typically electrons or

protons. Excellent general discussions of the properties and uses of synchrotron radiation
are available in the literature.129 It is well known that charged particles under

acceleration emit radiation having a continuous energy distribution.67 This situation is
realized in practice by diverting a highly accelerated beam of charged particles in a
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circular path through the use of bending magnets. There are several aspects of this

radiation which make it ideal for use as a spectroscopic tool. First, very high intensities

can be readily obtained. For instance, the brilliance characteristic of synchrotron light

sources equipped with conventional bending magnets ranges from 1012 to 1014 photons /

second / mm2. This is compared to rotating anode and tube sources which generally

yield 109 and 108 photons / second / mm2, respectively.6 This is very important in

counting experiments where uncertainties in the data are determined largely by counting

statistics. As an illustration, a spectrum acquired in 15 minutes in-house could be

obtained in less than a second at a synchrotron facility. Similar improvements in

resolution are obtainable by sacrificing beam intensity for a smaller beam cross-section.

These already outstanding x-ray facilities are being further improved through use of

insertion devices such as wigglers and undulators which provide orders of magnitude

higher beam flux.6

A second advantage of synchrotron facilities is the "white" spectrum of emitted

radiation. A fairly uniform distribution of wavelengths from the far infrared to the hard

x-ray regions are available.

The third and perhaps most important property of synchrotron radiation is that

when the accelerated particles are highly relativistic, essentially all of the photons are

emitted in a small cone directed along the path of the accelerated particle. These photons

are highly polarized, having electric field vectors which primarily lie in the plane of the

charged particle's orbit. This intrinsic collimation leads to x-ray beams having relatively

small dimensions (~ 1 mm2) of extremely high brilliance. This property often translates

into extraordinary improvements in experimental resolution.

The National Synchrotron Light Source Facility accelerates electrons through a

toroidal vacuum chamber 27 meters in radius. A number of beamlines are situated

uniformly around the ring. Bending magnets exhibiting a field of 1.22 tesla are situated
at each beamline. The resulting trajectory of the electron beam has a curvature of 6.875
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m and yields a high intensity of synchrotron radiation directed down each beamline. The

energy of the electrons under normal operating conditions is 2.5 GeV with an energy

dispersion of one part in one thousand. The beam current generally ranges from 70 to

200 milliamperes, generally starting at 190 ma immediately after injection and decaying

to - 90 ma over the ensuing 16 hours at which point the injection cycle is repeated.

These currents translate into between 3 x 10" and 8 x 1011 electrons in the beam with an

orbital period of 567.7 nanoseconds. The electrons are injected into the accelerating ring
in a bunch. The radiation released at any given beamline is therefore a periodic series of

pulses separated by the orbital period of the accelerator. Fortunately, the short period of
the orbit makes the radiation appear almost continuous for most practical purposes.

Together the above parameters result in a source intensity of - 1013 photons /

second / mm2 with an angular spread of less than 0.215 milliradians and an energy

spectrum peaked at 5.071 keV ( X^ax = 2.45 Á ).

The Collimation System

The purpose of the collimation system is to produce a monochromatic xOray

beam having minimal angular divergence and parasitic scattering. The system employed
in these measurements can be divided into pre-hutch ( prepared by beamline personnel)
and in-hutch components (prepared by the user). These components are illustrated in

figure 5-5. The pre-hutch system includes a focussing mirror and a high intensity
monochromator. The major components of the in-hutch collimation system are two in¬
vacuum slits, designated SI and S2. The angular divergence of the beam incident on the

sample is determined by the width of S1 and their distance from the synchrotron source.

In this experiment it is the angular divergence which ultimately determines the system

resolution. The second set of slits, S2, are used to eliminate parasitic scattering. The

pre-hutch and post-hutch components are now described in greater detail.
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Figure 5-5 A schematic of the SAXS collimation system. Above is the pre-hutch
collimation system including the focussing mirror and the multilayer
monochromator. Below is the in-hutch collimation system including slits
S1 and S2.
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The pre-hutch collimation system

Upon leaving the synchrotron ring, the x-ray beam passes through a beryllium

window and is incident upon a 1:1 horizontally (in the scattering plane ) and vertically

focussing mirror having a horizontal angular acceptance of 4 mrad. The mirror yields a

focal spot of approximately 1mm x 1mm FWHM. The focussed beam then reflects from

a specially designed high intensity multilayer monochromator before entering the x-ray

scattering hutch ( a shielded enclosure ). Some of the details which make the make this

monochromator especially useful are now described.

Conventional crystal monochromators have an energy bandpass, AE / E - lO4. In

applications which don't require this energy resolution, much intensity is wasted when

using a broad spectrum source like the synchrotron. A high intensity broad bandpass

W-Si multilayer monochromator was specially designed for use on the IBM/MIT

beamline of the NSLS for these types of applications.130

For extinction limited diffraction, the energy bandpass of a monochromator

increases with increasing interplanar spacing, d, as d2. Using a multilayer structure, it is

possible to prepare interplanar spacings much larger than those of conventional crystals

to yield a much broader energy bandpass.

The monochromator employed in these measurements consists of two W-Si

multilayers as shown in Figure 5-5. Each multilayer is composed of 200 layer pairs with

a d-spacing of 23.5 Á and a W-layer thickness of 0.2Id. In these measurements, the

reflected energy was tuned to 8.05 keV which corresponds to a diffraction angle of
20=3.80° and an incident wavelength of 1.541 Á. The measured energy bandpass of this
monochromator was measured to by AF./F. = 1.32 x 10-2 FWHM and an accompanying

increase in brilliance ( photons / mm2 ) of approximately two orders of magnitude over

conventional monochromators.130
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The in-hutch collimation system

The in-hutch collimation system is shown in figure 5-5. The major components

of this system are the slits SI and S2. Each of these sets of slits are composed of four

tantalum blades which independently cut into the x-ray beam from the top, bottom, left,

and right. These directions are specified by looking toward the detector with left and

right directions defined to be in the scattering plane. The first set of slits, SI, is used to

set the angular divergence of the incident beam. The relation between the angular

divergence and the aperture of S1 can be understood in the following way. the beam

initially leaves the synchrotron ring diverging with an angular divergence that is intrinsic

to synchrotron radiation. After reflection from the focussing elements of the pre-hutch

components, the beam enters the hutch converging with an angular divergence of

approximately 4 mrad (the angular acceptance of the focussing mirror). The focal point
of the system was found to lie between SI and S2.

From the above discussion, it is evident that an upper limit on the angular

divergence, dj, of the beam incident on the sample is given by

a{ = 2 tan1 (W / dS2) ( 5-3 )
where W = the FWHM of the beam as measured by the detector and dS2 = the distance

separating S2 and the detector. The slitting procedure and resulting angular divergence
are described momentarily.

The second set of slits are adjusted so that its blades just mask the outer edge of
the beam. In this way, parasitic scattering from slits S1 is masked without producing a

large amount of parasitic scattering from S2.
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The Detection System

The x-ray detector used in these experiments was an EG&G Princeton Applied

Research silicon diode array detector. The detector has 1024 sensing elements which are

each 25 p.m wide x 2 mm in height. The detector is position sensitive so that the entire

spectrum is acquired simultaneously allowing the rapid measurements required in these

studies.

Together the sensing elements measure the scattered spectrum over a 25.6 mm

range. By changing the sample to detector distance, the angular range registered on the

detector can be chose. In these experiments, this distance was chosen to provide the

maximum number of points in the range of the Bragg peaks while still accepting the

angular region necessary for analysis of the spherical scattering features. The final

sample to detector distance was 803 mm and the measured angular range and the number

of channels per degree are discussed momentarily.

The detector operating principle

Each of the silicon diodes from which the detector is composed are reverse

biased, effectively behaving as charged capacitors, an incident photon frees electrons

which reduce the total charge on the capacitor. Two shift register circuits successively

connect each diode to an amplifier circuit which behaves as a charge detector. The

charge required to return each diode to 5 V is proportional to the number of photons

incident on that element. A 14-bit analog-to-digital converter ( ADC ) is used to store

the data in memory. The gain of the ADC is adjusted so that one photon corresponds to

one count. This yields a dynamic range of 16383 counts/channel/scan. The maximum
scan rate for the detector is 20 msec / 1024 pixels. The scan time can be set from 20
msec and up. The data from successive scans can be accumulated in a single spectrum.
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In this way, the maximum count rate is 16383 x ( 1.0 sec / 20 msec ) = 8x 105

counts/sec/pixel. The efficiency of the detector is determined by the thickness of the

protective silicon oxide coating on the surface of the diodes and is quoted as 85% for the

8.05 keV x-rays used in this experiment.

The dark count

Defects within the silicon diodes result in a "leakage" current which shows up as

a dark count in the measured spectrum even in the absence of incident radiation. The

magnitude of the dark current is very temperature dependent. For this reason, the

detector is typically cooled to temperatures below -20°C. This cooling was performed by

circulating -10°C coolant through a reservoir in the detector housing using a Fisher

Model 900 controlled temperature circulator with a 50/50 distilled water and methanol

mixture. The remaining temperature differential and control are achieved with a Peltier

cooling unit built into the PAR detector. In order to prevent condensation of water vapor

on the detector elements, the detector housing is evacuated to below 50 millitorr using a

Leibold D8A two-stage roughing pump.

The dark current was measured to be approximately 70 counts / channel / sec

when the detector array was cooled to -40 °C, increasing to 590 counts / channel / sec at -

20 °C. These numbers are in rough agreement with the quoted temperature dependence

of the dark current ( approximately a factor of 2 per 7 °C ).

The magnitude of the dark current has been found to depend on the accumulated

radiation dose for each pixel. The level of the dark current can increase to approximately
ten times its initial level due to radiation damage. As will be discussed, the noise

introduced by the presence of this dark current is minimal because the level is very

repeatable and the uncertainty in the dark count is much less than predicted by Poisson
statistics.
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To account for the dark current, the typical mode of operation involves acquiring

one dark spectrum ( no incident beam ) for each data spectrum, taken under as near

identical conditions as possible. Subtraction of the dark spectrum from the data

introduces a system noise contribution into the corrected data. The magnitude of this

error has been estimated by acquiring 100 dark spectra under the identical conditions

used in acquiring each of the equilibrium data for these experiments. (40 scans @ 0.5

sec/scan = 20 sec exposure ). The standard deviation in each channel was calculated and

found to be independent of channel number and had a mean value of 3.5 counts/channel.

The typical minimum count value in the corrected equilibrium profiles is approximately

2 x 103 counts. The contribution to the uncertainty in this point due to counting statistics

( assuming a Poisson distribution ) is approximately 45 counts. In this way it is seen that

the noise introduced due to the dark current is a small contribution to the uncertainty in

these data.

Preliminary Experimental Procedures

Sample Preparation

The polystyrene-polybutadiene diblock copolymer ( SB ) used in this experiment

was synthesized by Polymer Laboratories, LTD. The polymer was prepared through the

anionic polymerization82 procedure using conventional vacuum line techniques in an all

glass reaction apparatus. Monomers were added sequentially to an organo-lithium

initiator. The polystyrene and polybutadiene molecules are illustrated in Figure 5-6

along with the solvent molecules used in these experiments.

The gel permeation chromotography (GPC) technique was used both to prepare

and characterize the highly monodisperse polymer sample. The GPC technique involves

passing the polymer in solution through a narrow tube filled with porous media. The
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Figure 5-6 The chemical formulas of polystyrene and polybutadiene along with the
selective solvent used in these studies, n-tetradecane. Also listed are the
molecular weights of the individual monomers, M0.
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smallest of the polymer chains quickly enter the pores, while the largest chains pass

rapidly through the tube. In this way, a reverse filtration scheme is created where the

largest chains leave the tube first and progressively smaller chains are eluted at later

times. When the tube and porous material have been calibrated for the particular type of

polymer involved, it is possible to use GPC to plot a molecular weight distribution curve.

In addition, a narrow molecular weight range may be separated from the remainder, thus

ffactonating the polymer solution.

The polybutadiene chain was prepared first and the desired chain length and

distribution width were selected through GPC. The polystyrene block was then added

and GPC was again used to select the appropriate chain lengths and characterize the

resulting block copolymer. The chain size is typically described through the number

average molecular weight, Mn. The width of the size distribution is described by the

parameter, n, which is called the polydispersity index. This index is defined as the ratio
of the number and weight average molecular weights. The M,, and n values of the

intermediate butadiene chains and of the final block copolymer were

M„( butadiene) = 3.77 x 104

n( butadiene ) = 1.023

Mn(SB) = 5.35 x 104

n( SB) = 1.029

The polymer has a fractional composition, f, of 29.5 wt. % polystyrene. These values of
f and were chosen specifically because this is a polymer system whose equilibrium

properties have previously been studied. The polydispersity of this material indicates a

size distribution significantly narrower than that of the polymers previously used for

SAXS investigations (>=1.05).
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The polystyrene-polybutadiene triblock copolymer ( SBS ) also used in these

investigations was donated by Enichem, Inc. and has the tradename, SOL T 161. The

polymer was quoted as having the following characteristics:

f = 30 wt.% polystyrene

M„ = 1.2 x 105

n= 1.15-1.20

Hence, the triblock samples are much more polydisperse than the diblock samples. In

addition, small amounts of phenolic and ultra-violet stabilizers are present in the triblock

specimens. The triblock size and composition were fortuitous in that each chain is

roughly equivalent to two of the diblock chains having their butadiene chains joined end

to end.

Solutions of the pure polymer were prepared in the selective-solvent, n-

tetradecane ( C14 ) for the purposes of these studies. The samples were mixed in a clean

area of the lab and the preparation procedure was as follows. The polymer without

additional purification was weighed on a Fisher Scientific Microbalance having a

precision of +- 0.002g and then placed in a clean dry Pyrex beaker. The solvent, Cl4,

was then titrated into the beaker until the desired total weight of solvent plus polymer

was reached.

In order to insure uniform mixing, the polymer-C14 mixture was then dissolved

completely in an excess of a non-selective solvent which eventually evaporates leaving

the desired polymer solutions. Five non-selective solvents were tested for ability to

dissolve the polymer/C 14 mixture and speed of subsequent evaporation. These five
solvents were: carbon tetrachloride (CC14), toluene ( C6H5CH3), dimethyl formamide

( HCON ( CH3 )2), methylene chloride ( CH2C12), and tetrahydrafuran ( CH3 (CH2)3 0 ).

The polymer/C14 mixture did not dissolve completely in the dimethyl formamide or
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tetrahydrofuran solvents even after thorough stirring. The toluene was observed to

evaporate very slowly and therefore was eliminated as a prospective solvent. Of the two

remaining solvents, the methylene chloride evaporated most rapidly and left the most

uniform polymer/C14 mixture. For this reason and because it was used in previous

studies28-118121 on these materials, methylene chloride was used in these experiments.

The polymer+C14 mixture was dissolved in 200 ml of methylene chloride. The

samples were then placed in a dust free environment for at least 48 hours to allow

evaporation of the methylene chloride. Evaporation was assumed to be complete when

the weight of the remaining solution was equal to the initial weight of the polymer+C14

mixture to within the precision of the microbalance. As a control, a beaker of Cl4 was

placed along with the polymer solutions and after 2 days there was a negligible amount

of evaporation.

The measured quantities of the six polymer solutions studied here are given in

Table 5-1 along with there final polymer percentages by weight. The resulting

polymer/C14 solutions are referred to as SBXX and SBSXX for XX wt.% diblock or

triblock in C14, respectively. For example, the 25 wt.% diblock copolymer sample is

designated SB25.

Table 5-1
The Polymer Solution Concentrations

Solution Mass of

Polymer (g)
Mass of
Cl 4 (g) % Polymer

SB15 0.150 1.060 14.15
SB25 0.251 1.040 24.13
SB35 0.355 1.110 31.98
SB50 0.508 1.020 49.80

SBS25 0.502 2.003 25.06
SBS35 0.708 2.010 35.22
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The polymer solutions were injected into the sample cells though a threaded hole

at one end of the cell. The cell was then sealed with a teflon tape coated bolt.

X-rav Beam Alignment and Collimation

The first step in the collimation procedure was to find the location of the x-ray

beam relative to the diffractometer. This was accomplished using Kodak photographic

paper which blackens when exposed to an intense beam of x-rays. The optical table was

then adjusted vertically and horizontally so that the beam spot coincided with the center

of rotation of the diffractometer. Next, the detector was mounted on the scattering arm

of the diffractometer, and the scattering angle was varied until the beam ( attenuated by a

1 mil molybdenum absorber) registered on the center ( - channel 500 ) of the diode

array. This position in scattering angle was defined to be 20=0°.

The detector is mounted on a translational stage which allows movement of the

detector in the direction perpendicular to the scattering plane. The "height" of the

detector was varied using this translation until the maximum intensity registered on the

detector. With the detector in this position, the "right" and "left" blades of slits S1 were

adjusted to give the desired angular divergence in the plane of scattering. The incident

beam as measured by the detector exhibited a FWHM of 0.2 mm in the horizontal (in¬

scattering plane) direction. Since the focal point of the pre-hutch collimation system lies

between SI and S2, an upper limit on the angular divergence of the beam, (3, in the

critical, in-plane direction is given by

P = 2 tan1 ( FWHM / ds2 ) (5-4)
where d^ is the distance from slits, S2, and the detector. With ds2 = 1118 mm , this

yields a value of P= 0.01°= 0.179 mrad. The "top" and "bottom" blades of slits SI were

then adjusted until the integrated intensity of the beam as registered by the detector
decreased by 10%.



106

The resulting zero beam profile in the plane of scattering was measured by the

detector and is shown in Figure 5-7. The out of plane profile was measure by translating

the detector in 0.5 mm steps and at each position recording the integrated intensity over

the entire detector. This "height" profile is also shown in Figure 5-7. The effect of pixel

size on the measurement of the beam profile is small in the horizontal direction, but is the

limiting factor in the measurement of the vertical beam profile. Using the numerical

convolution of a gaussian with a 2 mm boxcar, the FWHM of the beam in the vertical

direction is estimated to be 0.6 +- 0.2 mm.

The detector was repositioned at the height position yielding maximum intensity

and slits S2 were adjusted to eliminate parasitic scattering from SI. This was done by

moving the "right" blade of slits S2 into the beam until a decrease in the measured

integrated intensity of 0.5-1% was observed. In this position, slits S2 mask the parasitic

scattering of S1 without generating a large amount of parasitic scattering itself.

Next, the relations between scattering angle, scattering vector, and channel

number were determined. Starting with the scattering arm in the 20=0° position, and

incrementing 20 by 0.1°, the position of the center of the main beam was recorded as a

function of detector position. In small angles, the relation between channel number and

scattering angle is expected to be linear. These data gave the following linear fit:
Channel # = 489.5 - 565.7 ( 20°) ( 5-5 )

From these data it is evident that 566 channels span approximately Io in scattering angle.

In the above measurement, the amplitude of the zero beam profile at each position

was used as a check of the detector uniformity. The detector was found to be uniform to

better than 3%.

Lead tape was affixed to the face of the detector so that channels 911 to 1024
were masked off. It was determined from Equation 5-5 that placing the scattering arm at

20=0.853° would yield a zero beam position that corresponds to channel 972. In this

position, the lead tape blocks the main beam while allowing measurement of the
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The Beam Profile

Distance ( mm )

Figure 5-7 A graph of the beam height ( out of the scattering plane ) and width (in
plane ) profiles. The FWHM of the width profile is approximately
0.2 mm. The FWHM of the out of plane profile is seen to be mostly due
to the height of the individual pixels in the diode array.
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scattered profile over the range from channel 50 to 910 ( channels 1 to 50 do not perform

reliably ). This corresponds to a range from 0.110° to 1.630° in scattering angle. Using

Equations 3-4 and 5-5 the following relation between channel and scattering vector is

derived:
972.0 - channel

Q =
565.7

2 (5-6)

= 1.2588 x 1(H ( 972.0 - channel) A*1
The wavelength of the incident beam used was ^=1.541 as discussed previously.

It is convenient to define two detector configurations. The first is the "armO"

configuration in which the scattering arm is placed at 20=0° and three 1 mil Cu absorbers

are placed in the beam at the point where the beam enters the hutch. This configuration

is useful for measuring the normalization parameter to be discussed momentarily. The

second configuration is called the "acquisition" configuration in which no absorbers are

used and the scattering arm is placed at 20=0.853°. This is the normal arrangement used

during acquisition of the scattered spectra.

Normalization for Incident Intensity

In order to compare spectra taken with different incident beam intensities, I0, it is

typical to measure a quantity which is proportional to the beam intensity and scale the

data by this factor. The ionization chambers used for this purpose were unavailable at

the time these data were taken so that an alternative measure of the beam intensity was

required. Once the polymer solution was in place, a direct measure of the incident beam

was not possible. There was, however, an indirect measure of the beam intensity.
This quantity was the integrated intensity, I,, of the straight through beam as

transmitted through the sample with known absorbers ( 3 @ 1 mil. copper sheets ) in the
beam. This method has the disadvantage that I, is only proportional to I0 if the
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transmission coefficient of the sample remains unchanged throughout the measurements.

In addition, this method does not allow comparison of data taken on different polymer

solutions which are known to have very different transmission coefficients.

A second measure of I0 was the current of the electron beam in the synchrotron

ring, Ie. This method of normalization has the disadvantage that the emitted x-ray

intensity from the synchrotron is not in practice directly proportional to the Ie. However,

it is expected that for short periods of time when the change in Ie is small, the

dependence of Ie on I0 is approximately linear. This method was compared to the first

normalization method and reasonable agreement was found.

The first was chosen and the data were scaled by the measured quantity, It.

Measurement of the Parasitic Scattering

The background scattering was measured from an empty sample cell having

Kapton windows that was placed in the furnace. A "glitch" appears in the parasitic

scattering due to a partial masking of this component by the sample cell. To explore the

behavior of this discontinuity, the parasitic scattering was measured with the sample cell

placed in three slightly different horizontal positions relative to the incident beam. The

empty holder was then removed while leaving the furnace in place and the parasitic

scattering of this arrangement was measured. The results of these measurements are

shown in Figure 5-8, where the "no cell" curve has been scaled to coincide with the other

curves. Without the sample cell, the parasitic scattering is a continuous monotonically

decreasing function of the scattering vector. With the empty cell in place, a discontinuity

appears in the spectrum. This "glitch" is the result of a partial masking of the tail of the

pre-sample parasitic scattering by the edge of the sample cavity in the in-plane direction.

Consequently, the location of the discontinuity moves when the cell is translated along
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Figure 5-8 A graph of the measured parasitic scattering. The glitch observed in these
spectra results from a partial masking of the tails of the parasitic scattering
by the edge of the sample cavity in the in-plane direction. As a result,
translating the sample cell along the in-plane direction relative to the
incident beam causes a shift in the position of the glitch in the x-ray
spectrum. To characterize the behavior of the glitch, the sample was
placed in three different positions relative to the incident beam. The
results of those measurements are shown, along with the parasitic
scattering measured with the furnace removed ("no cell" ) which has been
scaled to coincide with the others. The treatment of this glitch is
described in the text.
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this direction relative to the incident beam, as shown by the profiles in Figure 5-8

corresponding to three different cell positions.

Since small differences in the repositioning of the sample cell while changing

solutions were unavoidable, it was necessary to construct an approximation to the

background scattering profile. By examining spectra taken for each solution, the glitch

position was determined. The artificial background curve was formed by taking the low

Q portion of the appropriately scaled "no cell” curve and joining it at the discontinuity

position with the high Q portion of the "position 3" curve. From an examination of the

figure it is expected that this should be a good approximation of the parasitic scattering

profile everywhere except in the immediate vicinity of the discontinuity.

In order to confirm that no changes in the background occur upon changing the

temperature of the kapton windows of the sample cell, spectra were acquired with the

empty cell in place at the following temperatures: 27, 62, 100, 140, 180, and 220 °C.

No change in the shape or magnitude of the scattering were observed.

The scaling factor, ABG, by which the measured parasitic scattering must be

multiplied to yield the background contribution of a measured spectrum is related to

several quantities. These are the incident intensity of the beam at the time the data

spectrum was taken, IM, the incident intensity at the time the parasitic scattering

measurement was made, IBG, the transmission coefficients of the Kapton windows, aK,

and the polymer solution, aP, and the exposure times, tM and tBG in the following way:

aP aK
r

.Ibg.
. aK .

4bg.

In the previous discussion of the factor employed to normalize spectra for changing
incident intensity, the quantity IT was defined to be the integrated intensity of the straight

through beam. When a sample is in place, this quantity is proportional to the incident

intensity, IM, and the transmission coefficients for both the polymer solution and the

Kapton windows:
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It 00 Im ap aK ( 5-8 )

When the parasitic scattering measurements were taken, this quantity was measured and

is proportional to the incident intensity at that time, IBG, and the transmission coefficient

of the Kapton alone:

It.bg ** Ibg aK ( 5-9 )
From the above discussion it is apparent that the scaling factor, ABG, is given by the

relation:

Ix ].Itbg. .lBG.

where all of the values on the right are measured or recorded quantities.

(5-10)

Equilibrium Data Acquisition Procedure

The base of the furnace was bolted to the diffractometer with appropriate spacers

to center the cell horizontally in the beam. The vertical alignment of the sample cell was

checked by placing Kodak photographic paper in front of the cell window. Illumination

of the paper with x-rays blackens a small line on the paper. The furnace position was

adjusted using the dovetail translational stages until the beam image on the photographic

paper was located vertically just below the thermocouple position.

The furnace lid was put in place and the chamber was evacuated. Preliminary

scans were taken to confirm proper sample placement and a well defined scattering

profile. The solution was then heated in 10-20°C increments until all peak structure

disappears. Careful equilibrium measurements were then initiated.

The sample temperature was lowered in 10-20 °C increments. At each

temperature, the integrated intensity of the beam transmitted through the sample was

measured with the detector in the "armO" configuration. The scattered profile was

acquired with the detector in the "acquisition" position. Typical exposures were 40 scans
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@ 0.5 sec / scan = 20 sec exposure or 40 scans @ 1.0 sec / scan = 40 sec exposure. It

was necessary to accumulate the spectra in this way because the accumulated counts

exceed the dynamic range of the detector ( 16383 counts / channel). At each

temperature, the electron beam current was recorded.

Upon reaching room temperature, the solution was heated in increments of

10-20 °C and the above procedure was repeated. During cooling, a range near the

ordering temperature was identified through the appearance of Bragg peaks.

Consequently, upon heating finer temperature divisions were taken in this temperature

region. The sample was increased until no evidence of structure was observed. The

sample was annealed at this point in preparation for the kinetic measurements.

Kinetic Data Acquisition Procedure

The quench procedure begins by annealing the sample above the nominal

dissolution point for approximately 15 minutes. While the solution is annealing, dark

spectra are acquired using the same number of spectra, number of scans per spectrum,

and scan rate. The number of spectra is 140, the scan rate is 0.5 sec / scan, and the

number of scans per spectrum was either 2 or 6 yielding exposure times of 1 or 3

seconds. The dark spectra are stored in the detector interface in the locations 1 through
140. At the same time, a quantity of coolant ( water) is injected into the quenching
channel inlet as previously discussed. The depth of quench is determined by the quantity
of coolant used and the duration of the propellant burst. Table 5-2 lists these values

along with the initial and final temperatures for all of the quenches performed in these
studies. After loading the coolant, the tubing connecting the furnace and the He cannister
is put in place.
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Table 5-2
The Experimental Quench Parameters

Solution Ti
(°C)

Tf

(°C)
Coolant

(cc)
He Burst
(sec)

Exposure
(sec)

SB15 130.6 98.5 3.0 4.0 1.0
130.5 90.3 6.0 4.0 1.0
130.7 78.5 12.0 5.0 1.0
130.6 68.5 18.0 6.0 1.0
130.6 62.0 30.0 8.0 3.0
130.6 51.8 40.0 8.0 3.0
130.4 86.7 8.0 6.0 3.0
130.5 79.3 9.0 7.0 3.0
130.5 81.8 7.0 7.0 3.0

SB25 159.9 115.6 2.0 2.0 1.0
159.8 112.2 3.0 3.0 1.0
159.7 94.0 6.0 4.0 1.0
159.6 84.0 12.0 4.0 1.0
159.6 75.0 18.0 5.0 1.0
159.5 67.0 24.0 7.0 1.0
159.0 58.5 30.0 8.0 3.0
158.8 50.0 40.0 8.0 3.0
158.6 104.5 3.5 4.0 1.0

SB35 169.0 126.8 3.0 1.0 1.0
168.8 104.8 6.0 2.0 1.0
169.0 86.5 12.0 4.0 1.0
168.1 82.0 9.0 4.0 1.0
168.2 94.0 5.0 4.0 1.0
168.3 102.2 3.5 4.0 1.0
168.5 70.5 12.0 5.0 1.0
169.0 46.0 30.0 8.0 1.0
168.5 58.7 15.0 5.0 3.0

SB50 202.2 140.8 2.0 3.0 1.0
202.0 147.3 1.0 3.0 1.0
201.9 160.0 0.5 3.0 3.0
201.8 152.0 0.8 3.0 3.0
201.7 143.5 1.5 3.0 3.0
201.9 137.5 2.5 3.0 3.0
201.6 124.2 4.0 4.0 3.0
201.6 102.0 7.0 4.0 3.0
201.4 115.5 5.0 4.0 3.0
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Next, the computer configures the control devices for the quench. The detector

interface is configured for the desired counting sequence with the storage locations of the

acquired spectra designated to be 141 through 280. The Keithley multimeter is

configured to monitor the quench temperature profile by logging 100 values of the

thermocouple voltage at 1 second intervals. Finally, the digital delay generator is

programmed to emit a pulse of the appropriate duration, that via the solenoid valve and

interface will deliver a propellant burst to the furnace of the same duration.

The computer initiates the quench by placing the Micristar temperature controller

in the manual mode and interrupting power to the heating resistors. The logging

sequence of the multimeter is triggered, and then the digital delay generator is triggered

thereby delivering the helium burst to the furnace. As the temperature drops, the

computer continually polls the Micristar controller until the sample temperature falls

below the dissolution temperature. At this time, a command is sent from the computer to

the detector interface which initiates the counting sequence.

Following the termination of the DDG pulse, the DDG is immediately configured

by the computer to deliver 0.25 sec pulses to the solenoid when triggered from the front

panel of the device.

As shown in Figure 5-4, the sample temperature drops rapidly and levels off. The

base and sample temperatures eventually coincide. As the base temperature begins to

rise above this point, helium pulses are triggered manually from the DDG. In this way,

the base and sample temperatures are maintained at a fixed temperature.

At the completion of the counting sequence the Micristar is returned to automatic
mode and the sample temperature is returned to T¡. The spectra are transferred to the

computer from the detector interface in pairs (i. e. spectra 1 and 141, 2 and 142 etc.).
The difference between these data and dark spectra is calculated and the result is saved to

floppy disk.
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This procedure was repeated for all of the quenches listed in Table 5-2. The

analysis of the data acquired in the equilibrium studies is described in the following

chapter, with the fascinating results of the kinetic measurements deferred to Chapter 7.



CHAPTER 6
ANALYSIS AND STATIC RESULTS

In this chapter, the results of the static measurements are described. The

temperature dependent SAXS profiles are presented and it is shown that the resolution

achieved enables separation of the spectra into ordered and disordered components

corresponding to the ordered and disordered arrangements of microdomains. This is the

first time that such a separation is possible. Determination of the structural parameters

from models of the x-ray scattering are discussed, followed by an in-depth

characterization of the macrolattices observed in these solutions. Some comments on the

effects of resolution are discussed. Variation of the structural parameters with polymer

concentration are compared with the results of previous studies. Finally, the temperature

dependence of the microdomain structure is examined and the phase diagram of the

system is discussed in preparation for presentation of the kinetic results.

Presentation of the Static Data

The scattered intensities, I(Q), are plotted versus scattering vector for the SB 15
solution as a function of temperature, upon cooling ( Figure 6-1 ) and heating ( Figure
6-2 ). These profiles are plotted on a log scale and are offset from each other by one

decade for clarity, starting with the low temperature profiles. Similar results for the

SB25, SB35, SB50, SBS25 and SBS35 solutions are presented in Figures 6-3 through
6-12. These figures are presented together here for convenience and are referred to

throughout the chapter.
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Figure 6-1 Raw scattering profiles for the SB 15 sample upon cooling. The data are
represented by a solid line due to the density of points on these curves and
are offset by one decade for clarity of presentation. The exposure time
was 20 sec. / spectrum.
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Raw scattering profiles for the SB 15 sample upon heating. The data are
represented by a solid line due to the density of points on these curves and
are offset by one decade for clarity of presentation. The exposure time
was 20 sec. / spectrum.

Figure 6-2
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Raw scattering profiles for the SB25 sample upon cooling. The data are
represented by a solid line due to the density of points on these curves and
are offset by one decade for clarity of presentation. The exposure time
was 20 sec. / spectrum.

Figure 6-3
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Raw scattering profiles for the SB25 sample upon heating. The data are
represented by a solid line due to the density of points on these curves and
are offset by one decade for clarity of presentation. The exposure time
was 20 sec. / spectrum.

Figure 6-4
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Figure 6-5 Raw scattering profiles for the SB35 sample upon cooling. The data are
represented by a solid line due to the density of points on these curves and
are offset by one decade for clarity of presentation. The exposure time
was 20 sec. / spectrum.
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Figure 6-6 Raw scattering profiles for the SB35 sample upon heating. The data are
represented by a solid line due to the density of points on these curves and
are offset by one decade for clarity of presentation. The exposure time
was 20 sec. / spectrum.
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Raw scattering profiles for the SB50 sample upon cooling. The data are
represented by a solid line due to the density of points on these curves and
are offset by one decade for clarity of presentation. The exposure time
was 20 sec. / spectrum.

Figure 6-7
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Figure 6-8 Raw scattering profiles for the SB50 sample upon heating. The data are
represented by a solid line due to the density of points on these curves and
are offset by one decade for clarity of presentation. The exposure time
was 20 sec. / spectrum.
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Figure 6-9 Raw scattering profiles for the SBS25 sample upon cooling. The data are
represented by a solid line due to the density of points on these curves and
are offset by one decade for clarity of presentation. The exposure time
was 20 sec. / spectrum.
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Figure 6-10 Raw scattering profiles for the SBS25 sample upon heating. The data are

represented by a solid line due to the density of points on these curves and
are offset by one decade for clarity of presentation. The exposure time
was 20 sec. / spectrum.
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Figure 6-11 Raw scattering profiles for the SBS35 sample upon cooling. The data are
represented by a solid line due to the density of points on these curves and
are offset by one decade for clarity of presentation. The exposure time
was 20 sec. / spectrum.
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Figure 6-12 Raw scattering profiles for the SBS35 sample upon heating. The data are
represented by a solid line due to the density of points on these curves and
are offset by one decade for clarity of presentation. The exposure time
was 20 sec. / spectrum.
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Identification of the X-rav Scattering Features

Many of the features of x-ray spectra described in chapter 3 are evident in these

figures. At high temperatures, the scattering curves are monotonically decreasing

function of the scattering vector (Q). The "step" which can be seen at around 1.5 x 10-3

Á1 in Figure 6-1 is a feature contained in the parasitic scattering and its treatment was

discussed in Chapter 5. At T = 130.7 °C, the sample is in the homogeneous state and

exhibits only continuous scattering. The low Q region of this sloping curve is well

approximated by the sum of the measured parasitic scattering from the kapton windows

and a gaussian of variable amplitude and width parameters.

As the temperature is lowered, broad peaks become evident as the result of the

microphase separation transition ( MST). These peaks result from interparticle

interference between the developing styrene microdomains whose locations are believed

to exhibit liquid-like correlations. As the temperature is lowered and the spherical

styrene domains become better defined, the integrated intensity of these peaks grows.

Although an adequate first principles theoretical model of the liquid scattering is not yet

available for this system, some general comments can be made concerning the positional

correlations between different styrene domains based on the position, amplitude, and

width of the observed maxima.

At temperatures below T = 93.2 °C, sharp Bragg peaks appear in the spectra

indicating the development of long range order in the system. In general, the Bragg

peaks exhibit a gaussian line shape. The amorphous peaks are found to exhibit a

lorentzian lineshape. The lorentzian lineshape has broad tails which are evident in the x-

ray spectra and enable separate parameterization of the ordered and amorphous

components. These parameterizations will be discussed momentarily. As detailed in

Chapter 4, previous SAXS studies of this system28-118 have only been able to identify the
ordering temperature, T0, from a broadening of the first-order peak and an accompanying
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shift in the maximum position. In these spectra, not only is T0 clearly identifiable, but

both Bragg and liquid peaks are seen below T0 indicating a coexistence of these two

phases below the ordering point. This coexistence is not unexpected, but has not

previously been observed.

In the high Q region of the low temperature spectra, very broad maxima can be

seen. For the SB 15 sample, this maximum is located at approximately Q=5.6 x 102 A1.

This feature is part of the spherical form factor discussed in Chapter 3. From its location

the average radius of the spherical styrene microdomains can be determined and from the

depth of the minima that bracket this maximum, the polydispersity in sphere size can be

estimated.

Preliminary Discussion of the Static Data

For all of the diblock copolymer solutions, the ordering temperature is clearly

evident. This is not the case for the triblock copolymer solutions ( Figures 6-9 through

6-12 ). In these solutions, no Bragg peaks become evident even at the lowest

temperatures studied in these experiments ( T = 40 C). The absence of ordering in these

solutions is believed to be the result of the large polydispersity of the individual chains

which gives rise to a large polydispersity in the radii of the spherical styrene domains.

The size distribution has been estimated from modelling of the spherical form factor in

the high Q region of the SAXS spectra ( see Table 6-1) and is indeed much broader for
the triblock solutions than the diblock solutions. This wide distribution in sphere sizes

may prevent efficient packing of the domains onto a macrolattice. Another possibility is
that the presence of stabilizing and filler particles in this material affects the domain-
domain interaction in such a way as to prevent ordering.

From the locations and amplitudes of the Bragg peaks the type and dimensions of
the macrolattice can be determined. For the majority of the diblock solutions, the
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macrolattice structure is found to be body-centered-cubic ( BCC ), as will be discussed,

with two exceptions. In the SB 15 solution, the first-order bragg reflection exhibits fine

structure at all temperatures below T0 and in the SB25 sample a component with simple

cubic ( SC ) structure is observed in the 102.1 °C spectrum ( see Figure 6-3 ).

Interpretation of these results is discussed later in this chapter.
From the scattering data alone it is not clear that interpretation of the disordered

structure as a liquid is definitive. In fact, the structure factors for other types of systems

like amorphous solids and imperfect crystals can also yield similar scattering patterns.62

The observed scattering may be consistent with that expected for an imperfect crystal,

although the concentration of defects in such a structure would have to be very high. The

distinction between a crystal with a large concentration of defects and an amorphous

solid becomes somewhat arbitrary in this limit.

From a physical standpoint, it seems unlikely that the structure characteristic of
the intermediate temperature range (Td > T > T0 ) is that of an amorphous solid because

cooling the sample from this temperature range eventually results in a crystalline

structure. Generally, the amorphous phase is either the low temperature phase or a

metastable state that results from supercooling of the specimen. In the latter case the

crystalline phase is only attained by a subsequent heating of the sample to allow

redistribution of the composite particles onto a lattice.

The above is true in metals, where the solid is composed of atoms moving about

in vacuum. It is not clear that similar behavior should be expected in the BCP system

where the particles are large styrene domains which move about in an extremely viscous

medium. The discerning quantity between the amorphous liquid and solid phases is, of

course, the degree of mobility of the particles. And to the extent that this mobility is not

measured in these experiments, classification of the disordered state is not possible from

these data. In any event, it is believed that the disordered phase can be identified as an
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amorphous structure ( either solid or liquid ) composed of polystyrene microdomains and

that the system undergoes what is analogous to a crystallization transition at T0.

The Effects of Experimental Resolution

In SAXS, the effects of experimental resolution are typically described through

the smearing integral:64

UQ) = J7 W(x) H(y) I((Q2 + y2 )m - x ) dx dy ( 6-1 )
where ^(Q) is the measured scattered intensity at Q, and I is the true scattered intensity

without the effects of resolution. The function W(x) is called the slit width weighting

function. W(x) is usually taken to be the measured beam profile, WB(Q), in the plane of

scattering at the detector position. Similarly, H(y) is called the slit height weighting
function which is taken to be the measured beam profile, HB(Q) in the plane

perpendicular to the scattering plane. Extracting I(Q) from the measured scattering,

Im(Q), and Equation (6-1 ) is termed desmearing.

These weighting functions can be correct if the incident beam is characterized by

an angular divergence, a = 0 ( perfect collimation ). When this is not the case, the

derivation of the smearing integral becomes much more complex and a detailed

knowledge of the angular distribution of the incident beam is required. Evidence that

Equation ( 6-1 ) with WB(Q) and HB(Q) does not correctly describe the resolution effects
in these data is that the FWHM of WB(Q) is 10.0 x 104 Á1, while Bragg peaks measured

in these experiments show values of the FWTIM of less than half of this value ( 4.4 x lO4

Á'1). These data are therefore not consistent with Equation 6-1 and this choice of

weighting functions.

Without a more detailed analysis of the effect of angular divergence on the

smearing integral, quantitative extraction of the resolution is not possible. However, the
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minimum observed Bragg width can be taken as an upper bound on the system

resolution. In this case, the majority of the Bragg reflections and all of the amorphous

scattering features are significantly broader than this value so that the observed

lineshapes are not limited by resolution.

It is noted that the resolution of the apparatus used here is significantly better than

that used in previous studies.118 This expectation is based on a comparison of the

estimated angular divergence and beam spot sizes. In addition, the desmearing

procedures often used in previous studies of block copolymer systems are known to

introduce artifacts into the scattering profiles.131 For these reasons, no correction for

resolution effects is performed on these data.

Determination of the Structural Parameters

The parameters derived from the SAXS profiles can be divided into two groups,

those relating to the microdomains and those relating to the macrolattice which is formed

below T0. Three parameters are generally used to describe the polystyrene

microdomains. These are the mean spherical radius, R, the degree of polydispersity

characterizing the domains, aR, and the average interfacial thickness, e. Of these, the

first two can be determined from these data.

Analysis of the scattered spectrum also yields much information about the

macrolattice including: the lattice type and the lattice constant, a, along with information

regarding the strain in the system and , £, the fraction of material in the ordered state.

The Microdomain Parameters

Figure 6-13 shows the SAXS profile for the SB50 sample at 42.1 °C on a log
scale. The data are represented by pixels. The polydisperse model of spherical scattering
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Figure 6-13 A plot of the scattered profile for the SB50 sample at 44.0 °C. The data

arc represented by pixels, and the square of the spherical form factor,
estimated as described in the text, is displayed as a solid line.
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described in Chapter 3 assuming a gaussian distribution of sphere sizes is shown as a

solid line in this figure. The mean radius, R, and the width parameter of the gaussian

size distribution, aR, were chosen so that the model gave the best qualitative fit to the

data in the intermediate and high Q regions. The radius was primarily determined by

matching the location of the spherical maxima and the width parameter was determined

by matching the level of the scattering minima. As expected, the model and data diverge
in the low Q region where interference effects dominate the profile. The resulting values
of R and aR are summarized in Table 6-1 for the indicated solutions at the indicated

temperatures, T. The estimated uncertainty in the resulting value of R was determined
to be +- 2 Á by varying R until an obvious mismatch was seen. Similarly the estimated
uncertainty in oR was found to be +- 1 Á.

The standard deviation in chain length is related to the polydispersity through

Equation 4-3 and is calculated to -17% of the total chain length for a polydispersity of
1.03. This value is in agreement with the values of aR shown in Table 6-1 indicating that

the distribution in sphere sizes roughly scales with the polydispersity in chain sizes.
The maxima of the spherical form factor are only clearly identifiable at the lower

temperatures. At higher temperatures, thermal diffuse scattering washes out the minima

preventing reliable estimation of the spherical parameters.123’124
A determination of the interfacial thickness is often possible by analyzing the

systematic deviation of the scattering from Porod’s law in the high Q region of the
scattered profile, as described in Chapter 3. This method could not be applied to these
data because of the limited range over which these data extend. The sample to detector

distance was chosen to yield the maximum number of points per degree of scattering

angle in order to better examine the sharp interparticle scattering features, while still

accepting a large enough angular range for a determination of the microdomain
dimensions. In doing so, the high Q, asymptotic region where analysis of the polymer-

polymer interface is possible, has been sacrificed.
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Table 6-1
The Estimated Microdomain and Lattice Parameters

Solution T( °C ) R ( Á ) CR ( Á ) a ( Á )

SB15 43.2 96 19 548
SB25 41.6 99 19 473
SB35 43.6 104 20 455
SB50 42.1 112 20 431

SBS25 33.6 116 28
SBS35 47.1 117 28

Analysis of the Macrolattice Structure and Dimensions

Quantitative analysis of the interparticle scattering was performed by

parameterizing a sub-range of the data from 0.5 - 4.5 x lfr2 Á1. Within this range, the

observed scattered intensity, I(Q) is dominated by three scattering components:

I(Q) = Sa(Q) + Sc(Q) + B(Q) (6-2)

where B(Q) is the background which arises primarily from parasitic scattering by the

collimating slits and the Kapton windows. Sa(Q) and SC(Q) are the amorphous and

crystalline structure factors, respectively, which are both proportional to the square of the

form factor, IF(Q)I2 for the microdomains. These components are illustrated in Figure

6-14 where spectra corresponding to three different temperatures are shown. The spectra

are offset by two decades for clarity and the data points are indicated as pixels. The solid
lines are fits of the sum of the three components to the data. The short-dashed and long-

dashed lines illustrate the amorphous and background scattering components to the

43.6 °C spectrum, respectively.
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Figure 6-14 A plot showing the three components of the parameterization of the low Q

range of the scattered spectra. The data at the following temperatures :
170.8 °C, 121.0 °C, and 43.6 °C are represented by pixels and offset from
each other by two decades for clarity. The solid lines are the full fits to
the data including all three components as described in the text The short
and long dashed lines in the low temperature curve represent the
amorphous and background contributions to this spectrum, respectively.
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The background contribution

The background scattering contribution was determined as described in Chapter 5

and scaled by a measured factor so that there are no variable parameters for this

contribution.

The amorphous contribution

The second term in Equation ( 6-2 ) is the result of interparticle scattering from

the microdomains, the positions of which exhibit amorphous or liquid-like correlations.

Qualitatively, this component is very similar to the model scattering profiles plotted in

Figure 4-5 for the hard sphere liquid. As discussed in Chapter 3, the exact form for this

scattering component cannot be determined without a detailed understanding of the

domain-domain interaction. This information is not presently available, however, the

data were found to be well approximated by the sum

S»(Q) = Aq exP f^l [O-1,] 2] i
•

2'

2Go
+ A! 1 + 1 r, J ■

+ A2 1 + kJ -

(6-3)

This is in agreement with the Omstein-Zemicke37 result which predicts Lorentzian peaks

in S(Q) for systems containing short-range order. In addition, the models for liquid

scattering presented in Chapter 3 were empirically found to be well approximated by the
same form (Equation 6-3 ). The amorphous component is shown in Figure 6-14 as a

short-dashed line and is easily identified even in the presence of Bragg peaks due to the

broad tails characteristic of the Lorentzian lineshape.
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The Crystalline Contribution

The third term in Equation 6-2 represents the ordered contribution which appears

as Bragg peaks in the scattered spectrum. The Bragg peaks were found to be well

characterized by a sum of Gaussians:
3

SC(Q) = (6-4)

i=l

Here the A¡ and ü¡ are variable amplitude and width parameters, respectively. The

positions of the peaks, Q¡, were allowed to vary and found to be related in the following

way: Q2 = y¡2 Qu Q3 = \f?> Q,and Q4 = Qi- Deviations from these relative positions

are typically less than 1.0%.

This parameterization agrees well with the Bragg structure appearing in all of the

static and kinetic data with the exception of those data for the SB 15 sample. As seen in

the spectra of Figures 6-1 and 6-2, the first-order Bragg peak exhibits fine structure for

this sample. As a result, the parameterization for these data were a sum of six gaussian

peaks, three assigned to the fine structure of the first-order peak, and one assigned to

each of the second through fourth-order peaks. Effective amplitudes, positions and

width parameters were calculated from the fitted values describing the first-order peak

structure for comparison with the fitted values from the other polymer solutions. The

physical origin of the observed splitting is discussed later in this chapter.

Discussion of the Macrolattice Characterization

In observations of BCP solutions which form spherical microdomains, a number
of macrolattice types have been reported132 including: body-centered cubic ( BCC ),
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face-centered cubic ( FCC ), and simple cubic ( SC ). Models of BCPs in bulk generally

predict the BCC structure to be slightly favored over the FCC structure, with the SC

structure having a considerably higher energy.89- 126 In solutions of PS-PB in Cl4, at the

concentrations studied here, the structure was previously reported as SC.28-118

The relative lower order peak locations observed, y[\, y¡2, y¡3, and -\/4, are

consistent with both the SC and BCC structures, but not the FCC structure. Of the

remaining most likely structures, BCC and SC, these data were found to strongly favor

the BCC structure in three ways: volume fraction comparisons, structure-specific model

fits, and the appearance of the yfj peak which is disallowed for the SC structure.

From the observed peak locations the lattice constant, a, can be determined if a

specific lattice type is assumed. For the BCC lattice,

(6-5)

where p, is the location of the lowest order peak observed. For the BCC lattice this

corresponds to the (110) group of reflections. For the SC lattice,

(6-6)

since the lowest order peak for the SC structure corresponds to the (100) group of

reflections. From the estimated spherical radii, R, in Table 6-1, the PS volume fraction,

<|)s, can be calculated if certain assumptions are made. First, the spherical domains are

assumed to have zero interfacial thickness and be composed purely of PS. Similarly, the

interstitial volume is assumed to be occupied exclusively by PB and Cl4. These

assumptions imply a perfect selectivity of the C14 solvent. Using these approximations
the <))s for the BCC and SC structures are

2 (| kR3 ) (p, R)3
a’ =6^23
aBCC

(6-7)

(6-8)

respectively.
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These values can be compared to the "ideal" value, <|)sjdeal> which is calculated

from the stoichiometry of the solutions. There is assumed to be no volume change upon

mixing of the PB and C14 and the densities of the components are taken to be their bulk

values: 1.052, 0.810, and 0.764 g/cm3 for PS, PB, and C14, respectively. The

stoichiometric volume fraction is then:
fC

Ps
<t>S.IDEAL = fC (l-f)C (1-C) ( 6'9 }

Ps Pb Pci4

where f is the styrene fraction of the BCP by weight and C is the polymer concentration

in solution. The ideal values are shown in Table 6-2 along with those values calculated

for the BCC and SC structures. Note: the value of a in Table 6-2 is the conventional

lattice constant assuming a BCC structure ( Equation 6-5 ). A different value ( Equation

6-6) was used in the preceding calculation of <j)ssc. These values clearly favor the BCC

structure. The discrepancy between <})s IDEAL and <¡>S>BCC believed to be caused mainly

by imperfect selectivity of the C14 ( some of the spherical volume is occupied by C14

making it larger than expected from stoichiometry ) and a negative volume change upon

mixing PB and C14. Correcting for both of these effects would tend to improve the

agreement between the ideal and BCC calculated values.

Table 6-2
Calculated Styrene Volume Fractions

Solution IDEAL ^S,BCC ^s.sc R ( Á ) a ( Á )

SB15 0.031 0.045 0.064 96 548
SB25 0.053 0.075 0.107 99 473
SB35 0.071 0.098 0.139 104 455
SB50 0.114 0.147 0.207 112 431
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An alternative method of determining the crystal structure was employed which

takes advantage of the different multiplicities, n^, of the Bragg peaks in the SC and BCC

diffraction profiles. As described in Chapter 3, the multiplicity is the number of sets of

hkl planes having the same diffraction angle. The multiplicities for the first 10 Bragg

reflections and their relative positions are listed in Table 6-3 for the SC and BCC

structures.

From the discussions in Chapter 3, the Bragg component of the scattering profile

can be written

Wx3(Q) = AIF(Q)l2exp(-BQ2) (6-10)

where

B = < u2 >1/2 (6-11)

Qi = Vi Qo
a, = ( o] + o2 Qo i)

Here B is the mean square displacement of the Debye-Waller factor, Q0 is the location of

the lowest order maximum, and A is an overall amplitude factor. The width parameter

a0 incorporates the resolution and finite size effects while the second width contribution,

Oj, is a measure of the strain in the lattice as described in Chapter 3. By fixing the m¡ at

those value for the BCC or SC lattice types given in Table 6-3, structure specific models
are constructed having variable parameters: A, B, Qq, a0, and a,.

The above form, combined with the amorphous and background scattering

components previously discussed, was fit to the data for the SB35 solution. The results
for the 44.0 °C spectrum for each lattice type are shown in Figure 6-15. Clearly the BCC
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Structure Determination

Scattering Vector ( A"1)

Figure 6-15 A comparison of the simple cubic and body-centered cubic structure
specific fits ( described in the text) to the scattered spectrum for the SB35
solution at 44.0 °C.
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curve is a much better fit to the data. The reduced chi-squared parameter is used to test

the goodness of fit of these two models:

(yfU'yi)
/(n-1 )= 144.2 (6-12)

y¡

¿= 320.1

Table 6-3

Multiplicities and Relative Positions of Bragg Peaks
for the SC and BCC Structures

hkl
SC

m P2 hkl
BCC

m P2

100 6 1 110 12 1
110 12 2 200 6 2
111 8 3 211 24 3
200 6 4 220 12 4
210 24 5 310 24 5
211 24 6 222 8 6

7* 321 48 7
220 12 8 400 6 8

300, 221 30 9 330 12 9
310 24 10 420 24 10

* There is no peak for the SC structure in the p2 = 7 relative position.

Because m3 =8 is less than m2 = 12 for the SC structure, the SC model is unable

to simultaneously match the first, second, and third order peaks. This is not the case for
the BCC model where m3 =24 is significantly larger than m2 = 8. For this reason, a

much better fit is achieved with the BCC model. The structure specific fits for the SB25

and SB35 solutions at varying temperatures yield results consistent with these.
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The structure specific model of the crystalline x-ray scattering component in

general yield slightly worse fits to the data than the form given in Equation 6-3 for the

SB25, SB35, and SB50 solutions. One possible source of deviation from the BCC model

is the assumption of an isotropic strain. From this assumption, the expression for the

Bragg width given in Equation 6-7 results which is monotonically increasing function of

the order of the reflection, i. When the strain is anisotropic, the peak widths can be

larger in certain hkl directions than in others. As a result, the width of the 110 peak may

be larger than that for the 200 peak even though the second peak appears at higher

scattering vector. In order to account for this, additional width parameters would be

required in the fit, i. e. G1110, o^oo’ CTj 2i i> etc.

A more important difficulty with the BCC fits is the incorporation of the form

factor IF(Q)I2. The values of the form factor in the relevant scattering range must be

determined from an extrapolation from the intermediate and high Q regions as shown in

Figure 6-13. There is expected to be some error in the values of IF(Q)I2 determined in

this way, the magnitude of which can be fairly large and is difficult to estimate due to

the large negative slope of IF(Q)I2 in the region of the higher order Bragg peaks. A

possible influence of this uncertainty in the form factor is seen in the Debye-Waller fit

parameter B in the structure specific fits. This factor is expected to increase with

increasing temperature below the ordering point, unit this factor exceeds the Lindeman

melting criterion at which point the system disorders. The fitted values show no

consistent trend and are in some instances seen to decrease just below the ordering

temperature. It therefore seems likely that the fitted Debye-Waller factor may be

inaccurate due to the uncertainty in the form factor.

For these reasons, the more basic model of Equation 6-3 was used to parameterize
both the static and kinetic spectra for all of the diblock solutions.

Final evidence in support of the BCC structure is the most fundamental and

therefore the most convincing. Upon examination of Table 6-3, it can be seen that there
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should not be a peak in the yjl relative position for the SC scattering spectrum. In fact

this peak is observed in the SB35 spectra of Figure 6-5 and 6-6 at 5.1 x lO2 Á1 as well

as in the SB50 spectra of Figures 6-7 and 6-8 at 5.5 x 102 Á4.
For these three reasons it is concluded that the macrolattice is of the BCC type,

with a lattice constant given by Equation 6-5 and listed in Table 6-2 for the diblock

solutions near 44 °C.

Finite Size and Strain Effects

As described in Chapter 3, the width of a Bragg peak is determined primarily by

three quantities: the system resolution, the mean size of an ordered region (the finite

size effect), and the strain in the lattice. Since the observed Bragg peaks are well

approximated in most cases by the Gaussian lineshape, it is convenient to assume a

Gaussian lineshape to each of the individual components of the width for simplicity. In

this case, the width of the peak, a, can be expressed as

o2=o2t+gf+oj (6-13)

where ar, af, and as are the resolution, finite size, and strain parameters described in

Chapter 3, respectively.

An upper limit on the system resolution is FWHM = 4.4 x 104 Á'1. Since the

measured peak widths are, in most cases, larger than this some contribution to the width

from finite size and strain effects are observed.

For a system exhibiting anisotropic strain, the strain contribution to the width can

be written

Os^hklQ2 (6-14)

In principle, the finite size and strain contributions can be separated by utilizing the

dependence of a, on Q. However, the determination of the strain coefficient, aHKL,
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requires the comparison of two peaks in the HKL group of reflections, i. e.. 110 and 220,
or 200 and 400. The counting statistics of the higher order peaks are not adequate for a

reliable determination of the strain coefficient or a separation of the finite size and strain

contributions to the width.

The strain distribution for a simple cubic lattice is expected to be isotropic. It

therefore seems likely that the origin of the strain must lie in some factor such as

anisotropy of the particles composing the lattice which would induce the strain from

"within".

The Ordered Volume Fraction

The integrated intensity of a Bragg peak, IT, is defined in the following way:

IT - J*Ipeak(Q) dQ (6-15)
o

and is related to the volume of material in the ordered state that gives rise to the Bragg

peak. Using the results of Chapter 3, IT can be written

(6-16)

in terms of the form factor, F(Q0), the incident intensity parameter, I0', the Bragg peak

position, Q0, and the number of particles that occupy the lattice which gives rise to the

Bragg peak, N(T,t). The approximation is made that the Debye-Waller factor at the peak
position, Q0, remains unchanged within the relevant time or temperature range and that

F(Q) varies slowly with Q in the vicinity of the Bragg position, Qq.

F(Q0) is also assumed to be independent of temperature. Although the form

factor is expected to change due to thickening of the styrene-butadiene interfacial region,
these changes mainly affect the high Q region of F(Q) as discussed in Chapter 3. The
low Q region of F(Q) is expected to remain much unchanged until very close to the
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dissolution temperature. The magnitude of F(Qo) is estimated by extrapolating from the

intermediate and high Q regions of the scattering profile as shown in Figure 6-13. It is

expected that F(Q0) determined in this way is a reasonable approximation in the narrow

region of Q, near Q0.

The quantity It is the normalization factor which is proportional to the incident

beam intensity as described in Chapter 5.

With the above approximations, the normalized intensity, Z, is defined in the

following way:

Qo
Z = W) I |F(Q )|2 - N(T’1) ( 6-:1;8 )

The quantity, Z, as defined in Equation ( 6-18 ) is proportional to N(T,t) and therefore to

the volume fraction of the solution in the ordered phase under the approximations

described above. Although it is not possible to determine the magnitude of the ordered

volume fraction, the parameter, Z, is useful in studying relative changes in the ordered

volume fraction as a function of time and temperature.

Discussion of Fine Structure in the SAXS Profiles

In the low temperature scattered spectra for the SB 15 solution, fine structure is
observed in the first-order Bragg reflection. This splitting is illustrated more clearly in

Figure 6-16 where the raw data are plotted on a linear scale. Calculation of the styrene

volume fraction from the positions of the higher order peaks is consistent with a distorted
BCC structure. The splitting appears in the 110 Bragg peak which indicates the presence

of a lattice distortion along the axis perpendicular to these planes.

A BCC lattice which is stretched in this way can be described as an I-centered
monoclinic lattice, with a accidentally equal to b. Such a lattice can be described with
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Figure 6-16 An illustration of the splitting of the first-order Bragg reflection in the

SB 15 solution at 62.5 °C. The upper curve is the raw data in the vicinity
of the main peak, while the lower curve is the raw data in the vicinity of
the higher order peaks. The solid line is a guide to the eye.
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a = b ± c

Y ^ a = P = 90

(6-19)

Although the correct Bravais lattice for this structure is the face-centered orthorhombic,

the body-centered monoclinic gives a clearer picture of the distortion involved.

Using this model for the lattice, it is possible to correctly predict the splitting
observed in the 110 reflection with y = 84.2°. This distortion results in a stretching of the

110 interplanar distance, d110, and a contraction in the -110 interplanar distance, d_110 of

magnitude,

(6-20)

However, the model also predicts a splitting of the 211 peak which should be observed,

but is not. Although, some discrepency is found with this model it seems likely that a

similar distortion of the BCC lattice could successfully reproduce the observed

diffraction profile.

Alternatively, let us speculate the presence of slightly anisotropic particles like

ellipsoids of revolution. Such anisotropy might result due to the polydispersity of the
BCP chains, the longer chains aligning themselves with the long axis of the ellipsoid.
These ellipsoidal particles would align themselves so as to produce minimum distortion
of the polybutadiene chains. It seems likely that the long axis of the ellipsoid would
search out the symmetry direction having the largest nearest neighbor distance (the 110
direction ). In this event a lattice distortion similar to the one described above could

result. In addition, the anisotropy in the form factor that results from the ellipsoidal

shape could suppress certain Bragg reflections so that splitting in the higher order peaks
is not observed.

One additional lattice type was observed upon cooling the SB25 solution to just
below the ordering temperature. The first order peak in the 102.1 °C spectrum of Figure
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6-3 is at a much lower scattering vector than that observed at 81.3, 61.3, or 41.6 °C. The

styrene volume fraction was calculated as described previously for the SC and BCC

structures. The results ( <}>IDEAL = 0-055, <{>sc = 0.048, and <}>BCC = 0.034 ) favor the SC

structure. In addition, the relative peak intensities for the first and second order peaks are

very close to those expected from the multiplicities of the SC structure. These results

seem to indicate that near the ordering temperature, the SC and BCC structures are close

in energy so that preparation of the microdomains in a SC arrangement is possible.

However, the SC structure was not observed upon heating at the temperatures 98.0 and

101.0 °C so that the SC structure is either stable over a narrow range of temperatures or

metastable in which case its appearance depends on the solutions structural history.

Concentration and Temperature Dependence of the Structure

Now that the determination of the structural parameters has been discussed, the

behavior of these parameters with concentration and temperature is explored. The

domain radius, R, and the lattice constant, a, are shown in Figure 6-17 as a function of

polymer concentration at fixed temperature, T = 44 °C. The domain radius is observed

to increase with increasing polymer concentration. The data are consistent with a linear

dependence, although clearly there are not enough points for a reliable determination of

the functional form. The trend and magnitude of these results are consistent with

previous work done on this system.28 The observed trend in R with temperature can be

understood in the following way. The equilibrium radius is determined by a balance

between energetic and entropic factors. The energetic component results from the

repulsive interaction between the styrene and butadiene monomers characterized by the

interaction parameter, X- This component favors a small surface to volume ratio and

therefore a large radius. However, the conformational entropy of the styrene chains
within the domains opposes stretching of these chains and therefore favors smaller R. As
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Figure 6-17 Plots of the microdomain radius and lattice constants versus polymer
concentration at T = 44 °C.
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the concentration of polymer in the solution increases, % increases because the repulsive

interaction is not as effectively screened. As a result, the energetic component is

increased relative to the entropic component leading to larger values of R.

Also show in Figure 6-18 is a graph of the lattice constant, a, at T = 44 °C versus

polymer concentration. The decreasing trend of a with C is mostly due to decreased

swelling of the polybutadiene chains in the presence of less solvent. Previous studies28

that were described in Chapter 4 assign an empirical power law to this trend: D - C1/3.

The solid line in the lower graph of Figure 6-18 is a fit of the data to this power law.

While the data are consistent with this form, the relation is only empirical, and neither

the data presented here nor the data presented previously contain enough points for a

reliable determination of the functional dependence of a on C.

Behavior of the Crystalline Component

Plotted in Figure 6-18 are the normalized intensities, Z, of the first-order Bragg

peak as a function of temperature for each of the four polymer concentrations. As

discussed in Chapter 5, the normalization procedure is expected to allow comparison of

data taken on the same solution, but is expected to be less reliable when comparing data

taken on different solutions. The open triangles represent the data taken upon cooling,

while the solid triangles represent the data taken upon heating. As a reminder, the

solutions were first annealed above the dissolution point then the cooling and subsequent

heating measurements were made. The values shown for the SB 15 sample are effective

intensities calculated by summing the individual intensities of each peak in the fine

structure.

Qualitatively, the behavior can be described in the following way. Above the

ordering point, the amorphous phase is characterized by a lower free energy than the

ordered phase. At the ordering point, the free energies of the two phases are comparable
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and some regions of order begin to appear, so that there is a coexistence of ordered and

amorphous regions. As the temperature is lowered further below the ordering

temperature, the coexistence shifts in favor of more ordered phase. However, even at the

lowest temperatures measured the scattering spectra show both the ordered and

amorphous scattering components.

The solid lines in these figures are an empirical model to the data:
T - T

Zm(T) = Aexp(-B/'t) (6-21)

Here A and B are variable parameters. The value of T0 was taken as that value mid way

between the highest temperature where Bragg structure is evident and the next higher

temperature where this structure was absent. The resulting fit parameters are shown in

Table 6-4. Although the model is purely empirical, it helps to identify a trend with

increasing polymer concentration. The parameter B from Table 6-4 increases

dramatically with increasing concentration, indicating that the transition is "sharper" at

the lower concentrations. To the extent that the ordered volume fraction is a measure of

the energy difference, AF between the amorphous and ordered phases, this indicates that

the rate of change of AF with T is much larger at low polymer concentrations. The

physical basis for this result remains unclear.

Table 6-4
The Fit Parameters A and B Describing the Change
of the Ordered Volume Fraction with Temperature

Solution A B

SB15 18.5 1.9
SB25 36.0 3.2
SB35 65.5 9.3
SB50 164.1 24.6
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The FWHM of the first-order Bragg reflections are shown as a function of

temperature for each of the four polymer concentrations in Figure 6-19. These data for

the SB 15 sample are effective widths calculated from the second moment of the fine

structure peaks. The upper limit to the system resolution is 4.4 x ÍO4 Á1 indicating that

the displayed widths show significant broadening due to finite size and strain effects.

With the exception of the SB 15 data taken upon heating and the SB25 data taken

upon cooling, a trend is observed in the variation of the widths with temperature. As the

temperature is increased, first the width decreases and then increases rapidly just below

the ordering temperature. This type of behavior is expected from models of the domain-

domain interaction90 and can be understood in the following way.

The standard model predicts a quasi-elastic interaction between the

microdomains, which can be characterized by a spring constant, f. For a fixed stress, the

observed strain is inversely related to the spring constant For this reason, the strain

contribution to the Bragg width is expected to increase with decreasing f and decrease

with increasing f.

The effective spring constant is determined by two factors. When the domain-

domain separation is increased, either the butadiene chains must stretch to accommodate

the new separation or the styrene-butadiene junction is pulled from the domain interface

into the butadiene-C14 region. At low temperatures, the strong segregation energy fixes

the junction points in a very narrow region near the domain surfaces. As a result, the

effective spring constant is determined solely by the elasticity of the butadiene chains.
For a polymer chain the restoring force is purely entropic and the spring constant

increases with increasing temperature. Consequently, the FWHM is expected to decrease
with increasing T at low temperatures. At higher temperatures, segregation becomes
weaker and the spring constant becomes dependent on the energy required to displace

junction points from the domain surface. This energy is related to the interaction

parameter, which is inversely related to temperature. As a result, the effective spring
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Figure 6-19 Graphs of the measure Bragg widths vs. temperature for each of the four

polymer solutions. The open triangles represent the data taken upon
cooling, while the solid triangles represent the data taken upon heating.
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that these values are not resolution limited.
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constant decreases with increasing temperature when intermixing of styrene and

butadiene begins to occur. Consequently, the FWHM increases with temperature at

higher temperatures near T0.

The BCC lattice constants are shown in Figure 6-20 plotted versus temperature

for each of the four polymer concentrations. Again, the data shown for the SB 15

solution are effective lattice constants calculated from the 200 Bragg peak location and

assuming a BCC structure for purposes of comparison.

In most of these data, the lattice constant decreases with increasing temperature.

This behavior is the result of thermal contraction of the polybutadiene chains which

separate the domains. Those data for the SB50 sample, however, exhibit a distinct

maximum in the lattice constant at intermediate temperatures upon heating and cooling

which is not presently understood.

Hysteresis in the thermal behavior of the lattice constant is clearly evident in the

SB 15 and SB25 sample, but less pronounced in the SB35 and SB50 solutions. Those

lattice constants measured upon heating are consistently larger than those measured upon

cooling. In fact, interesting behavior is observed in the SB 15 and SB25 solutions. As

the temperature was decreased, the lattice constant decreased smoothly. Upon

subsequent reheating, the lattice constants remain approximately constant to a

temperature near 80 °C where the lattice constant drops rapidly with increasing

temperature eventually coinciding with those values determined upon cooling near the

ordering temperature.
The hysteresis is most pronounced at lower temperatures ( T < 80 °C ) where

molecular motion is slowed. It therefore seems likely that the observed hysteresis is a

non-equilibrium effect that results because insufficient time was allowed for

equilibration. The precise origin of the hysteresis behavior remains unclear.
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Behavior of the Amorphous Component

The behavior of the amorphous peak amplitude is shown in Figure 6-22 as a

function of temperature. The plotted values were corrected for incident intensity as

described earlier in this chapter. As the temperature is lowered from above the

dissolution point, the peak amplitude grows smoothly at first. This is the result of two

factors. First, as the microdomains become better defined, the form factor in the region

of the peak increases causing a proportionate increase in the peak amplitude. In addition,

as the interface becomes narrow, the interaction potential becomes stronger. This

produces better correlation in the positions of the microdomains which also increases the

amplitude of the peak.

At the ordering temperature, there is a sharp drop in the amplitude of the peak as

a result of the decreased fraction of the sample in the amorphous phase. This loss in

intensity is shifted to the Bragg reflection. At lower temperatures, the amplitude

becomes independent of temperature in the same way that the Bragg intensity does.

Above the dissolution temperature, the microdomains dissolve. A broad

maximum remains in the SAXS profile, however, which is the result of density

fluctuations in the solution. Leibler89 predicts the structure factor for scattering from the

BCP system above the dissolution temperature ( discussed in Chapter 4 ):

I(Q)~tioT^ <6'22)
Hashimoto extends Leibler’s prediction and finds

I(Qo)-A-BT-i (6-23 )
where Q0 is the location of the scattering maximum. The quantities , A and B depend on

the polymerization index, N, and the Flory-Huggins interaction parameter, X- Using this
relation, Hashimoto identifies the dissolution temperature by plotting I*1 vs. T'1. As
shown in the lower curve of Figure 6-21, a linear region is roughly evident at low T*1.
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Figure 6-21

Temperature ( ° C )

2.2 2.4 2.6 2.8 3.0 3.2 3.4

( 1 / T ) K -1
Variation of the amorphous peak amplitude vs. temperature for the SB 15
solution. The upper graph shows the fitted and normalized peak
amplitude vs. temperature on a linear scale. The lower graph is a plot of
the reciprocal of this value vs the reciprocal of the temperature and is used
to determine the dissolution temperature. The solid line is a linear fit to
the first three points as discussed in the text.



163

Following the method of Hashimoto, the dissolution temperature is identified as the point

where the data begin to deviate from the linear trend The solid line on this plot is a

linear fit to the three points farthest to the left on the graph. Obviously, the choice of

these points and the resulting line are somewhat arbitrary, but the desired temperature

appears to lie between the first and second solid triangles. A rough estimate of Td was

determined by taking the average of these two temperatures.

The data shown in Figure 6-21 are typical of all of the polymer solutions. And

this method was applied to the results for each sample to determine Td. The resulting

values for Td will be discussed momentarily.

Another prediction resulting from Leibler's work is that the peak position is

independent of temperature above the dissolution point. This appears to be true for these

data as illustrated in Figure 6-22 where the amorphous peak width and position are

plotted vs. temperature for the SB50 solution. In the lower graph, the peak position is

independent of temperature above Td = 200 °C. As the temperature is lowered, the peak

position moves to lower Q until approximately 90 °C where it again appears to be

independent of temperature.

The shift in the peak position is the result of two factors. First, as the temperature

is lower, the butadiene chains relax from their thermally contracted state causing an

increased domain separation and a lower peak position. Second, as the temperature is

lowered, the energetic term in the free energy favors formation of larger spheres. This is

accomplished by increasing the mean number of chains per domain and therefore the

separation between the domains. It is possible that exchange of chains among different
domains is prevented below the glass transition of styrene (Tg ( S ) = 80 °C ). This

might account for the observed trend in the amorphous peak position at low

temperatures.

The FWHM of the amorphous peak is plotted in the upper graph of Figure 6-22
for the SB50 solution as a function of temperature. It is observed to be relatively flat at
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Figure 6-22 Plots of the amorphous peak position and width vs. temperature for the
SB50 solution. The open triangles represent those data taken upon
cooling, while the solid triangles represent the data taken upon heating.
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lower temperatures, growing rapidly at higher temperatures below the dissolution point.

The broadening of the peak at high temperatures is thought to be the result of the

broadening of the potential well described previously in relation to the Bragg widths. In

this case, the increase in the amorphous peak width corresponds to a decrease in the

correlation between the positions of the microdomains.

The phase diagram determined from these equilibrium measurements is plotted in

Figure 6-23. The dissolution temperature was determined using Hashimoto’s method
described previously. The ordering temperature is defined to be the midpoint between
the highest temperature at which Bragg peaks are observed and the next higher

temperature at which no Bragg peaks are evident.
Both transition temperatures show an approximately linear dependence on

polymer concentration. The increase in both transition temperatures with increasing

polymer concentration can be attributed to the reduced screening of the repulsive
interaction between styrene and butadiene monomers. At higher polymer concentrations,

a higher temperature is required for the entropic contribution to the free energy to

overwhelm the energetic contribution.

The observed dependency and the slope of the curve are in agreement with

previous studies of this system, although the absolute values of the temperatures

observed here are somewhat higher. The dissolution temperatures determined here are

significantly higher ( -28 % ) than early measurements28 on these solutions, but are in
better agreement with more recent measurements123-124 ( - 12 % ) made by the same

group. The ordering temperatures determined previously were based on a qualitative
identification of higher order Bragg peaks from desmeared spectra. It is likely that such
a determination could yield significantly lower results due to the nature of the
collimation correction and is far less reliable than the determination made here based on

raw data.
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Figure 6-23 The measured phase diagram for the polystyrene-polybutadiene / C14
solutions. The open squares and circles represent the dissolution and
ordering temperatures, respectively. Their determination is described in
the text.
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The objective of the kinetic measurements was to observe the temporal

development of order in the system. To study this process, each solution was annealed

above the dissolution temperature shown in Figure 6-23. The temperature was then

rapidly lowered to varying final temperatures both above and below the ordering point.

The approach to equilibrium was monitored with the through the SAXS profile. The

results of these rich measurements are now presented.



CHAPTER 7

THE KINETIC MEASUREMENTS: ANALYSIS AND RESULTS

Reported here are the results of the first high resolution SAXS study of the

ordering kinetics in a block copolymer system. In Chapter 6 it was pointed out that the

resolution of the SAXS apparatus was sufficient to separate the scattered spectra into

ordered and amorphous components. In this chapter, it will be shown that the incident

beam intensity was sufficient to perform time-dependent studies of the ordering process

while still resolving the different scatteiing contributions. This in turn, allows

observation of the relative change in the fraction of ordered phase as a function of time

following the quench. A number of interesting features appear in these data which are

now discussed.

Preliminary Discussion

Through the quench procedures described in Chapter 5 the phase transition

kinetics have been studied. Each solution was annealed above its dissolution temperature

and then rapidly quenched to various final temperatures, Tf, both above and below the

ordering temperature, T0. The determination of the dissolution and ordering

temperatures are described in the preceding chapter. The quench depth, AT, is defined
relative to T0:

AT = T0 - T (7-1)

and both positive and negative values of AT were studied.

Figures 7-1 through 7-4 present the raw spectra for the latest times measured in
the various quenches. The quench depth, AT, is indicated on the left and the elapsed

168
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Figure 7-1 A plot of the final spectra as a function of quench depth for the SB 15
solution. The quench depth, AT, is indicated on the left and the elapsed time from the
quench is indicated on the right. The data are corrected for differing exposure times and
offset from each other by one decade for clarity, with the deepest quench data unaltered.
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Figure 7-2 A plot of the final spectra as a function of quench depth for the SB25
solution. The quench depth, AT, is indicated on the left and the elapsed time from the
quench is indicated on the right The data are corrected for differing exposure times and
offset from each other by one decade for clarity, with the deepest quench data unaltered.
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Figure 7-3 A plot of the final spectra as a function of quench depth for the SB35
solution. The quench depth, AT, is indicated on the left and the elapsed time from the
quench is indicated on the right The data arc corrected for differing exposure times and
offset from each other by one decade for clarity, with the deepest quench data unaltered.
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Figure 7-4 A plot of the final spectra as a function of quench depth for the SB50
solution. The quench depth, AT, is indicated on the left and the elapsed time from the
quench is indicated on the right The data are corrected for differing exposure times and
offset from each other by one decade for clarity, with the deepest quench data unaltered.
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time, t, from the initiation of the quench is listed on the right. The elapsed time is that

time between when the sample temperature falls below the dissolution temperature and

the acquisition of the scattered profile is complete. Following each quench, 140 spectra

were acquired with exposure times of either 1 or 3 seconds per spectrum. The data

shown in Figures 7-1 to 7-4 have been normalized for exposure time and are offset by

one decade for clarity. The uncertainty in the data are almost exclusively due to counting

statistics (<Je — VN where N is the number of counts ). A number of trends are

immediately evident in the data as a function of quench depth and are now described.

As expected, the late-time spectra following quenches to final temperatures above

T0 ( negative AT) exhibit only amorphous scattering. The absence of Bragg peak

development is indicative of the instability of the ordered phase in this temperature

regime.

Similar behavior is also observed in two quenches to final temperatures just

below the ordering point: AT = 4.2 °C for SB 15 and AT = 1.0 °C for SB25. Ordering of

the microdomains is expected based on the results of the equilibrium measurements. It is

believed that the absence of ordering in the shallowest quenches is due to a reduced

driving force for transformation ( or equivalently a "critical" slowing down of the

ordering process ). As a result, it is believed that ordering would be observed in quench

measurements of sufficient duration at these quench depths.
At intermediate quench depths, T < T0, Bragg peaks do appear in the observed

time range. All of the quench data which exhibit ordering are consistent with the BCC

structure as determined from BCC specific fits and styrene volume fraction calculations
as described in Chapter 6. The nature of the ordering process as inferred from the Bragg

peak development for this temperature regime will be discussed in more detail

momentarily.

The results in the deep quench limit show reduced Bragg peak amplitudes from

those observed in the intermediate quench regime, or no ordering at all on the time scale
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of these measurements. The possible origins of the effect are incomplete microphase

separation or reduced thermal activation resulting in slower growth of the ordered phase.

The final temperatures in the deep quench limit fall below the glass transition

temperature of the polystyrene block (- 100 °C ). A "freezing" of the motion of the

polystyrene chains might preempt microphase separation leading to an interfacial

thickness that is greater than that observed at higher temperatures or in the static

measurements. One effect of increasing the interfacial thickness is to broaden the

domain-domain potential well thereby weakening the interaction. In this way, the

difference in free energy between an ordered arrangement of these domains and the

amorphous arrangement would be significantly lower than observed for complete

microphase separation, leading to a reduced equilibrium ordered fraction. A similar

argument was offered to explain possible non-equilibrium effects observed in static

studies of non-selective solvent block copolymer solutions.120

Evidence that this is not the case is found in the amorphous scattering features

observed in these quenches. The amorphous peak is well-defined indicating a strong

inter-domain interaction. For this reason, it seems more likely that the absence of

ordering is the result of reduced thermal activation and that ordering does occur at these

quench depths, but the transformation rate is too slow to be observed on the measured

time scale.

The Ordering Kinetics

The kinetic data were parameterized as the sum of ordered, amorphous, and

background contributions in the same way as the equilibrium data. ( See Equations 6-2,

6-3, and 6-4 .)

The results of a quench from 159.6 °C to 112.2 °C for the SB25 solution are

illustrated in Figure 7-5. The full fit to the data, which for these spectra contain only the
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Figure 7-5 A plot of the raw SAXS spectra as a function of time following a quench
from 159.6 °C to 112.2 °C. The data are represented by dots and the full
fit to the data including amorphous and background contributions is
indicated by a solid line. The exposure time was 1 sec / spectrum and the
data for each time slice are offset by one decade, starting with the earliest
time.
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amorphous and background components, is indicated by a solid line for each spectrum.

The data for each time slice are offset by one decade for clarity. This final temperature is

above the ordering temperature (T0(SB35) = 114.0 °C ) and no Bragg peak development

is observed. In early times, a very broad weak amorphous peak is observed. As time

proceeds, the peak grows in amplitude, narrows, and shifts to lower scattering vector.

The development of the amorphous component occurs very quickly, being almost

complete after only 20 seconds. These trends are indicative of the formation of the
microdomains and the increasing correlation between the positions of the microdomains

and will be discussed in more detail momentarily.

Quenches to intermediate final temperatures below the ordering temperatures

show different behavior. The results of a quench from 130.6 °C to 68.5 °C for the SB 15

solution are shown in Figure 7-6. In this figure, the full fit to the data including ordered,

amorphous, and background components is displayed as a solid line. The amorphous

component to the spectra are indicated by the short-dashed line. Dots are used to

represent the data points which are again offset by one decade for clarity.
The early time behavior is similar to that discussed in relation to Figure 7-5. The

amorphous component develops very rapidly. At a somewhat later time, however, Bragg

peaks appear and grow with time. The position and width of the Bragg peaks is seen to

be approximately constant throughout the transformation while the amplitude of the

peaks continues to grow even at the latest observed times. Similar behavior is observed
for quenches of intermediate depth performed on the SB25, SB35, and SB50 solutions as

shown in Figures 7-7 to 7-9, respectively. From these data, it is evident that the

microphase separation transition, indicated by the development of the amorphous

component in early times, occurs on a much faster time scale than the subsequent

ordering of those domains.
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Figure 7-6 A plot of the raw SAXS spectra as a function of time following a quench
from 130.6 °C to 68.5 °C for the SB15 solution. The data are represented
by dots and the full fit to the data including ordered, amorphous and
background contributions is indicated by a solid line. The amorphous
contribution to the fit is shown as a short-dashed line. The exposure time
was 1 sec / spectrum and the data for each time slice are offset by one
decade, starting with the earliest time.
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Figure 7-7 A plot of the raw SAXS spectra as a function of time following a quench
from 159.6 °C to 94.0 °C for the SB25 solution. The data are represented
by dots and the full fit to the data including ordered, amorphous and
background contributions is indicated by a solid line. The amorphous
contribution to the fit is shown as a short-dashed line. The exposure time
was 1 sec / spectrum and the data for each time slice are offset by one
decade, starting with the earliest time.
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Figure 7-8 A plot of the raw SAXS spectra as a function of time following a quench
from 170.0 °C to 86.5 °C for the SB35 solution. The data are represented
by dots and the full fitto the data including ordered, amorphous and
background contributions is indicated by a solid line. The amorphous
contribution to the fit is shown as a short-dashed line. The exposure time
was 1 sec / spectrum and the data for each time slice arc offset by one
decade, starting with the earliest time.



180

u
j

Scattering Vector ( A- )

Figure 7-9 A plot of the raw SAXS spectra as a function of time following a quench
from 201.6 °C to 98.5 °C for the SB50 solution. The data are represented
by dots and the full fitto the data including ordered, amorphous and
background contributions is indicated by a solid line. The amorphous
contribution to the fit is shown as a short-dashed line. The exposure time
was 3 sec / spectrum and the data for each time slice are offset by one
decade, starting with the earliest time.
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This behavior is made even more apparent in Figure 7-10 where the maximum

scattered intensity in the vicinity of the first-order Bragg and amorphous peaks is plotted

as a function of time following the quench. These values are taken directly from the raw

data and clearly show two distinct temporal regimes for the transformation when the final

temperature is below the ordering point. The upper graph shows these results for the
same shallow quench illustrated in Figure 7-6. In this graph the peak maximum is

indicated by open circles, while the sample temperature profile is represented by solid

squares. The peak maximum grows rapidly as the temperature drops and reaches a

plateau shortly after the temperature reaches its final value. This is indicative of a rapid

microphase separation process.

In contrast, the lower graph shows these results for a quench to a final

temperature below the ordering point for the same data illustrated in Figure 7-8. In this
case, the peak maximum again grows rapidly with decreasing temperature, leveling off
slightly as the temperature reaches Tf (t = 22 sec.). But as time proceeds, the peak

maximum again begins to grow indicating the start of the ordering process and the
formation of the Bragg peak. Similar behavior is observed in all of those quenches

where Bragg peak formation is evident, indicating the different time scales on which

microphase separation and ordering occur.

The temporal development of the scattered profile following a quench from
159.6 °C to 94.0 °C on the SB25 solution is summarized in the 3-D plot of Figure 7-11.

The data are shown linear scale. In the early times, the amorphous peak shifts to lower

wave vector and narrows while growing in amplitude. As stated previously, this
behavior is similar to that observed in the early stages of phase separation in binary

alloys. Growth of the amorphous peak is almost complete after 30 seconds.

Subsequently, the Bragg component appears and grows with time indicating the
formation of the BCC macrolattice.
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Figure 7-10 Graphs of the peak maximum as a function of time following a shallow
quench ( upper graph ) and a quench to below the ordering temperature
(lower graph ). The peak values are taken directly from the raw spectra
and are indicated by circles. The sample temperature profile is indicated
by solid squares.
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Figure 7-11 A 3-D plot of the temporal development of the scattered profile. The data
are shown on a linear scale for a quench from 159.6 °C to 94.0 °C on the
SB25 solution.
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The normalized intensity of a Bragg peak, Z, was shown to be proportional to the

fraction of material in the ordered phase, £ ( see Equation 6-18 ). The normalized

intensity is proportional to the following five factors: the Bragg amplitude, A(t) and

width, o(t), the square of the form factor, IF(Q)I2, the powder averaging factor, (m, / Q02),

and the Debye-Waller factor. When the latter four of these factors are constant, £ is

proportional to the Bragg amplitude, A(t). It will now be argued that, in the majority

quench data to be presented here, these four factors can be assumed to be constant

throughout the ordering process and A(t) is a useful measure of £.
Shown in Figure 7-12 are the fitted Bragg widths and BCC lattice constants

calculated from the Bragg positions as a function of time following a quench from

159.6 °C to 94.0 °C on the SB25 solution. Also shown are the variation of the

amorphous peak position and width with time. These data are typical of the results

obtained in all of the quenches which exhibit ordering.

The amorphous peak position initially drops rapidly with time as a result of the

microphase separation process. The decrease in position with time corresponds to an

increasing mean domain -domain separation. This trend can be understood in the

following way. At early times, a large number of small styrene domains are formed

having a mean number, N, chains per domain. As time proceeds, N increases as does the

mean size of the styrene microdomains, consequently, the mean domain separation also

increases. This is similar to the usual behavior seen in phase separating alloys.

The trend of N with time initially appears to be an effect of the changing

temperature. As described in Chapter 6, small domains are favored at high temperatures

and larger domains are favored at reduced temperatures. However, the variation in the

amorphous peak position continues after the temperature has equilibrated indicating that
some of the kinetics of the microphase separation process are observed. Quantitative

analysis of these kinetics is made difficult by the non-isothermal nature of much of the
transformation.
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Figure 7-12 Graphs of the fitted amorphous peak position and FWHM along with the
Bragg FWHM and the measured lattice constant, as determined from the
fitted Bragg position, are plotted versus time following a quench from
159.6 °C to 94.0 °C on the SB25 solution. Due to the nature of the
parameterization, the best estimate of the uncertainty in these values is the
fluctuation in the points.



186

The amorphous peak width also decreases rapidly with decreasing temperature as

a result of increasing positional correlations between the microdomains. An interesting

result evident in the majority of the quench data is a minimum in the amorphous wddth

prior to the onset of ordering, this effect is not understood at present, but seems to

indicate a reduction in the positional correlations of the domains in the amorphous phase

as a result of increasing ordered volume fraction.

The lattice spacings shown in the figure show a decreasing trend with time. This

trend is opposite to the trend inferred from the amorphous peak position which implies

an increasing domain separation in the amorphous phase. The physical origin of this

effect is not known at the present time. All of the quench data appear to show a similar

decreasing trend of the lattice constant with time to varying degrees. The overall

magnitude of the shift in lattice constant from beginning to end is always small (- 0.5%).

The Bragg widths in this figure appear to show a small decreasing trend with

time, but this trend is not consistent for all of the quench data. Generally, it can be said

that the overall variation of the width with time from beginning to end is small (<15%)

relative to the fluctuations in the fitted values. The largest changes in the Bragg width

occur at early times where the peak is small and the fitted amplitude and width are the

least accurate. No consistent trend with time is observed, but the upper estimate of the

instrumental resolution ( 4.4 x 10-4 Á-*) is significantly lower than the values typically

observed indicating that the data are not resolution limited.

From the preceding discussion of the amorphous peak parameters, the trends are

consistent with a rapid microphase separation transition which is essentially complete

before the onset of ordering. As a result, the form factor, F(Q), of the microdomains can

be assumed to be unchanging during the ordering stage. The position of the Bragg peak,

Qo, generally moves by less than 0.5 % throughout the transition so that the powder

averaging factor, n^ / Qo2 also remains unchanged throughout the ordering process. In

addition, the temperature and domain-domain interaction, as inferred from the
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amorphous peak width, remain mostly unchanged throughout the ordering process. It is
therefore assumed that the Debye-Waller factor which arises from oscillatory motion of

the particles about their lattice sites also is independent of time during ordering, finally,
since the Bragg width is much unchanged during transformation, the Bragg amplitude

should be a useful measure of the ordered volume fraction, £.

Figure 7-13 shows the fitted amplitudes of the first-order Bragg and amorphous

peaks as a function of time following the quench. These amplitudes are normalized for
incident beam intensity as described in Chapter 5. These data correspond to the same

quench illustrated in Figures 7-8 and 7-11. The amorphous peak grows rapidly so that
the spherical domains are well formed by the time the temperature reaches Tf. At later

times, the amorphous peak amplitude begins to decay as the Bragg amplitude grows,

indicating that regions of the ordered structure are beginning to form. The final state is
seen to be a coexistence of amorphous and ordered regions.

The Kolmogorov and Mehl-Johnson-Avrami ( MJA ) steady-state nucleation
theories described in Chapter 2 predict that the fraction of the specimen in the ordered

phase, £, should grow with time as

C = ( 1 - exp( - b tn )) ( 7-2 )
where for a constant homogeneous nucleation rate, n=4. The long dashed line is a fit of
this function to the early time portion of the data ( from 1 to 50 sec.). As seen in Figure
7-13, the early time data are found to be well approximated by this form. The data,
however, deviate from this form at intermediate times, crossing over to slower growth in

the late time limit. The late time behavior is found to be well approximated by a pure

exponential, n=l in Equation 7-2, as shown by the short dashed line which is a fit of the
late time data ( from 55 to 140 seconds ) to this function.

As detailed in Chapter 2, the MJA exponent, n, depends on the type of nucleation
( homogeneous or heterogeneous ) and the dimensionality of growth. A best fit to the
whole range of data in Figure 7-13 yields an exponent, n=3.66. The data clearly deviate
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Figure 7-13 A plot ot the normalized Bragg and amorphous fitted amplitudes as a

function of time following a quench from 159.6 °C to 94.0 °C on the
SB25 solution. The long-dashed line is a fit of the MJA form with n=4 to
the early time Bragg amplitudes as described in the text. Similarly, the
short-dashed line is a fit of the late time data with n=l. The medium-
dashed line is a fit to the full range of the data allowing the Avrami
exponent, n to vary. Finally, the Cahn model is represented by the solid
line and agrees well with the data for all times. Due to the nature of the
parameterization, the best estimate of the uncertainty in these data is the
fluctuation in the points.
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from this fit especially in the late times. The apparent slowing of growth at late times

may arise from the effects of site saturation and impingement which are accounted for in
a model developed by Cahn40 as described in Chapter 2.

Cahn's model assumes a specific type of heterogeneous nucleation site and

predicts the behavior of the transformed volume fraction as a function of time. The time

dependence of the nucleation rate is estimated by taking into account the effects of
exhaustion of the nucleation sites, the resulting form is incorporated with the effects of

impingement in a way very similar to that used by Avrami for homogeneous nucleation.
More general models133 are available which make no such a priori assumption

concerning the class of the nucleation site. However, since excellent agreement is
obtained using the more specific model developed by Cahn, other less specific models
were not explored.

Recall Cahn's model for nucleation on two dimensional sites assuming constant

isotropic growth yields the expression

C(t) « A(t) = A„ ( 1- exp( -b f(t-to))) ( 7-3 )

where

f(0 =
t r 7C ft

.a. J 1 - exp
. '3 la. (l-3^ + 2^3) (7-4)

o

The function f(t) exhibits the following asymptotic behavior

f(t) -14 at early times (7-5)

f(t) - t at late times

The nucleation rate in this model is approximated by a step function:

I(t) = ©( t - to) I„ (7-6)
which is zero throughout the incubation time, to, rising instantaneously to its steady-state
value, IJS, at that time. In fact the behavior of the nucleation rate is expected to be more

complicated ( see Chapter 2). However, the effects of the time dependence of the
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transient nucleation rate appear in the very early time region of the transformation curve,

where the data are least accurate. For this reason, the most basic form ( Equation 7-6 )

has been assumed for the nucleation rate. The Fit parameters a and b depend on the

growth velocity, T, the nucleation volume, and the steady-state nucleation rate, Iss. The

solid line in Figure 7-13 is a fit of the Cahn model to the data with variable parameters a,

b, ^ and A„.

In Figure 7-14, the normalized Bragg amplitudes are plotted as a function of time

following quenches from -160 °C to 102.2 °C, 94.0 °C, 82.0 °C, and 58.7 °C on the

SB35 sample. The n=4 and n=l temporal regimes are readily identified by the long and

short-dashed lines, respectively. The Cahn model ( solid line ) agrees well with the data

for each of these quenches at all times. The model fits the data very well for all times

and similar agreement is obtained with all of the quench data which exhibit Bragg

amplitudes that increase smoothly with time. This caveat is necessary due to the

observation of oscillatory behavior in the variation of the Bragg amplitude with time

following shallow quenches in the SB50 and SB 15 solutions. Some evidence of

oscillatory behavior is also observed in the 102.2 °C quench of Figure 7-14. This

surprising behavior is discussed in more detail at the end of this chapter.
The fit parameters a, b, to, and A„ are listed in Table 7-1 for all of the polymer

concentrations along with a brief classification of the behavior observed in that quench.

The classification words and the behavior corresponding to those words are listed here.

Those quenches which exhibited microphase separation, but limited or no ordering of the

microdomains are designated by the terms, "Limited Ordering" or "No Ordering",

respectively. Those quenches which exhibited microphase separation and subsequent

ordering which is characterized by a smooth monotonically increasing Bragg amplitude
are designated "Smooth Ordering". Finally, those quenches which exhibited oscillatory

growth of the Bragg component are designated "Oscillatory".
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Table 7-1

Quench Results

Solution

SB15

SB25

SB35

SB50

Ti Tf At a b to T=a/b Behavior

130.6 98.5 -12.5 No Ordering
130.5 90.3 -4.3 No Ordering
130.4 86.7 -0.7 No Ordering

130.5 81.8 4.2 No Ordering

130.7 79.3 6.7 Multiple Pks

130.7 78.5 7.5 34.3 0.46 0.367 18.25 74.45 Oscillatory
130.6 68.5 17.5 44.5 0.96 0.398 1.50 46.35 Smooth

130.6 62.0 24.0 40.1 0.69 0.364 0.00 58.16 Smooth

130.6 51.8 34.2 81.0 1.29 0.191 0.00 63.30 Smooth

159.9 115.6 -10.1 No Ordering

159.8 112.2 -6.7 No Ordering

159.7 104.5 1.0 No Ordering

159.6 94.0 11.5 41.9 1.30 0.727 11.25 32.2 Smooth

159.6 84.0 21.5 32.7 1.23 0.899 6.25 26.6 Smooth

159.5 75.0 30.5 47.5 1.40 0.942 0.00 33.9 Smooth

159.0 67.0 38.5 66.6 1.34 0.544 0.00 49.8 Smooth

158.8 58.5 47.0 43.9 0.54 0.240 0.00 81.2 Smooth

158.6 50.0 55.5 No Ordering

169.0 126.0 -12.0 No Ordering

168.8 108.0 6.0 No Ordering

168.3 102.2 11.8 30.7 0.35 0.247 1.0 89.1 Oscillatory

168.2 94.0 20.0 30.8 1.33 0.427 9.0 23.1 Smooth

169.0 86.5 27.5 27.6 1.43 0.421 9.25 19.2 Smooth

168.1 82.0 32.0 27.9 1.13 0.358 6.75 24.6 Smooth

168.5 70.5 43.5 41.3 1.44 0.171 9.75 28.6 Smooth

168.5 58.7 55.3 Limited Ord.

169.0 46.0 68.0 No Ordering

201.9 160.0 -5.5 No Ordering

201.8 152.0 2.0 Oscillatory

202.0 147.3 6.7 No Ordering

201.7 143.5 10.5 91.0 0.14 0.688 13.50 641.0 Oscillatory

202.2 140.8 13.2 114.0 0.79 0.866 3.25 144.3 Smooth

201.9 137.5 16.5 130.4 0.46 0.698 15.75 282.9 Oscillatory

201.6 124.2 29.8 69.3 0.88 0.419 14.75 78.4 Smooth

201.7 115.5 38.5 79.0 1.03 0.269 32.50 76.4 Smooth

202.0 102.0 52.0 Limited Ord.
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Figure 7-14 A plot of the normalized Bragg fitted amplitudes as a function of time
following quenches from -160 °C to 102.2 °C, 94.0 °C, 82.0 °C, and
58.7 °C on the SB35 solution. The Cahn model is represented by the solid
line and agrees well with the data for all times. The long-dashed line is a
fit of the early time region showing the n=4 behavior, while the short
dashed line is a fit of the late time region showing the n=l regime. Due to
the nature of the parameterization, the best estimate of the uncertainty in
these values is the fluctuation in the points.
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From Table 7-1, it is evident that no ordering is observed in those quenches to

final temperatures above T0. In addition, quenches are listed which showed limited or no

ordering on the time scale of the experiment below Tq, in the very shallow and very deep

quench limits. Oscillatory behavior appears in shallow quenches of the SB 15 and SB50

solutions. And smooth growth of the Bragg peak is observed in the intermediate regime.

The Master Curve

In a plot of the quantity: In (In ( ( 1 - £ )_1)) versus ln( t), the slope of the

resulting curve corresponds to the exponent, n, in the MJA form ( Equation 7-2 ). The

crossover from n=4 to n=l behavior is easily identified on this type of plot as shown in

Figure 7-15 where the four transformation curves from Figure 7-14 have been replotted

on this scale. For the three deepest quenches, both the n=4 and n=l regimes are clearly

identifiable. The crossover is not evident in the shallow quench. Upon referring back to

Figure 7-14, it is seen that the crossover for this quench apparently occurs at very early

times. As a result, the n=4 region is not visible in these data.

The data, on the whole, are extremely interesting in that both the n=4 and n=l

limits of the standard nucleation and growth models are observed. Typically, the

nucleation rate is either too high so that site saturation occurs early in the transition (the

whole range of data appears as a pure exponential as seen for the shallow quench in

Figure 7-15 ) or the nucleation rate is too low so that site saturation occurs late in the

transformation and only MJA behavior with n=4 is seen. In fact, the data in Figures 7-14
and 7-15 show that the point where the slope changes, called the saturation point, varies
with quench depth reflecting the variation of nucleation rate and growth velocity with

quench depth. The behavior of the growth velocity, T, with quench depth is discussed

momentarily.
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Figure 7-15 A plot of the quantity: In (In (( 1 - £ )**)) vs. the natural log of the time
following quenches from -160 °C to 102.2 °C, 94.0 °C, 82.0 °C, and
58.7 °C on the SB35 solution. The slope of the curve on this scale
corresponds to the exponent, n, in the MJA form. The n=4 and n=l
regimes and the crossover are evident on these plots.
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One prediction which follows from the Cahn model is the existence of a master

curve ( discussed in Chapter 2 ). If the transformation curves are plotted in the way

described above and translated vertically by ln( b ) and horizontally by ln( a ), the

resulting curves should coincide for all of the quench data. To test this assertion, the

quantity:

Y = In

'

ln( ( 1 - C V1 ) ~
b (7-7)

is plotted vs. ln( t / a ) in Figure 7-16. Clearly the data exhibit the predicted scaling

behavior ( see next page ).

From the late-time limit of Equations 7-3 and 7-4, it is apparent that the quantity

x = a/b plays the role of an effective time constant for the transformation process in this

time regime. Within the Cahn model, this quantity is inversely proportional to the

growth velocity, T, the velocity of propagation of the domain wall separating the

ordered and disordered phases as described in chapter 2). These effective time constants

are listed in Table 7-1 and are plotted in Figure 7-17 for the SB15, SB25, SB35, and

SB50 solutions. The time constants for the SB25 and SB35 solutions exhibit a minimum

at intermediate quench depths indicating a maximum in the growth velocity in this

temperature regime. These data are consistent with the assertion made earlier regarding

the absence of ordering in the very shallow and very deep quenches. Specifically, larger

time constants in the deep quench limit are a consequence of a reduced thermal

activation. Large time constants in the shallow quench limit are believed to be a result of

a reduced driving force for transformation arising from a smaller free energy difference

between the ordered and amorphous phases. In the SB 15 and SB50 solutions, the data

are consistent with this assertion, although only a range of temperatures is observed

where the time constants decrease with increasing quench depth.
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The Master Curve

-2 -1 0 1

In ( t/a )

Figure 7-16 A master curve of the quench data from all of the samples as described
in the text. The data from 18 different quenches for solutions SB 15,
SB25, SB35, and SB50 are represented by open diamonds, circles,
squares, and triangles, respectively.
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Quench Depth, AT ( °C )
Figure 7-17 The time constants, T, for the ordering transition for the SB15. SB25.

SB35, and SB50 solutions are plotted as a function of quench depth. The
solid lines are guides to the eye.
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The Crossover Behavior

The physical origin of the crossover in MJA behavior which is observed in this

system is illustrated in Figure 7-18. the double solid line represents the nucleation

surface and the solid circles represent nucleation centers. The short dashed arcs represent

the advancing domain walls separating the ordered droplet from the disordered phase. At

very early times ( upper picture ) nuclei form randomly on the nucleation surface and are

separated by large distances on average so that nucleation and growth occur freely on the

surface. This situation corresponds to three dimensional homogeneous nucleation and

growth as described in Chapter 2. The transformation behavior is therefore described by

the MJA equation ( Equation 7-2 ) with an exponent, n=4.

At a later time (the lower picture ), the growing domains impinge on one another

in the directions parallel to the nucleation surface. In addition, the surface available for

nucleation is fully transformed ( saturated ) while the region far from the surface is as yet

untransformed. At this time, nuclei have ceased to form and the growth has become one

dimensional (in the direction normal to the nucleation surface ). This type of growth is

characterized by the MJA equation with an exponent, n=l. It is believed that a process

similar to this is responsible for the observed behavior.

The question arises as to whether there are indeed two dimensional defects

present which act as nucleation sites. One may speculate that the surface of an impurity

particle such as dust that is of micron size or greater may act in the same way as such a

defect. For instance, approximately two thousand microdomains could reside on the

surface of a spherical impurity slightly over 1 Jim in diameter. Although there is at

present no direct information regarding the type and number of impurities in the

specimens, the precautions taken during sample preparation are not believed to be

adequate to prevent introduction of minute quantities of dust into the polymer solutions.
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Surface
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Figure 7-18 A schematic illustrating the proposed origin of the observed crossover in
ordering behavior. The solid circles represent nucleation sites, and the
short-dashed lines represent the advancing domain wall separating the
ordered droplet from the disordered phase.
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Shallow Quench Oscillatory Behavior

An interesting and somewhat surprising feature appearing in the shallow quench

data for three of the solutions is oscillation in the growth of the Bragg amplitude. This

oscillation is evident in three of the quenches performed on the SB50 solution as shown

in Figure 7-19. In these graphs, the fitted and normalized Bragg amplitudes are plotted

as a function of time following the quench. The graphs are organized by quench depth,

with the shallowest at the top of the page and the deepest at the bottom. The dashed line

appearing on the lower curves is a fit of the Cahn model to the data and serves to better

illustrate the oscillations in these quenches. In addition to the three quenches illustrated

in Figure 7-19, this behavior was also observed in the AT = 7.5 °C quench on the SB 15

solution and the AT = 11.8 °C quench on the SB35 solution.

The behavior of the oscillations in figure 7-19 exhibits interesting trends with

quench depth. Although the amplitude of the oscillations is approximately the same for

all of the quench depths it is much more pronounced in the shallowest quench where the

oscillation amplitude is approximately equivalent to the total amplitude of the peak. In

addition, the frequency of oscillation, as determined by counting the number of minima

appearing in the graphs, increases dramatically and consistendy with decreasing quench

depth. The physical origin of these trends at this point remains unclear, but a discussion

of several possibilities is given at the end of this section.

Raw spectra for the SB50, AT = 2.0 °C quench for the following times: 390, 393,

396, 399, 402, and 405 seconds are plotted in Figure 7-20. These times encompass one

of the growth and decay cycles shown in Figure 7-19. On the upper graph, the data are

plotted on the range from 1.5 - 2.7 x lO-2 Á1. In this plot, the Bragg peak is seen to

grow and then decay with increasing time. However, the liquid peak structure remains

unchanged throughout this cycle. On the lower graph, the range is reduced to 2.00 - 2.25
x 10-2 Á-1. On this scale, growth and subsequent decay of the Bragg component are even
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Figure 7-19

O

Time ( see. )
Graphs of the fitted and normalized Bragg amplitudes as a function of
time following quenches from - 202 °C to 152.0 °C, 143.5 °C, and
137.5 °C on the SB50 solution. The data arc represented by open circles
and the solid lines are guides to the eye. In the lower curves, the dashed
line is a fit of the Cahn model to the data and helps to illustrate the
oscillatory behavior. Due to the nature of the parameterization, the best
estimate of the uncertainty in these values is the fluctuation in the points
in the early time ( flat) region of the curve.
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Figure 7-20 Graphs of the raw data from a quench from 201.8 °C to 152.0 °C on the
SB50 solution for various times following the quench. The upper graph
and lower graphs show larger and smaller ranges of the data respectively
The lines on these graphs are guides to the eye. The uncertainties in the
points are dominated by counting statistical error.
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more apparent. The amplitude is seen to decay monotonically through the t = 390, 393,

396, and 399 second scans. Then the peak grows monotonically during the t = 402 and

405 second scans, returning approximately to its size at 390 seconds.

The ordered volume fraction is proportional to the Bragg amplitude only when

the Bragg width is unchanging. During these oscillations, the peak width does in fact

change with time as shown in Figure 7-21. In these graphs, the Bragg width, position,

and normalized integrated intensity, Z, are plotted as a function of time following the

quench. The Bragg width also shows large oscillations. The oscillations, however, are

not correlated in a readily recognizable way with the oscillations in the amplitude which

is illustrated in Figure 7-19. The changes in the Bragg width do appear to be correlated

with changes in the peak position as illustrated in the second graph.

When the peak width is changing, it is the Bragg intensity, Z, which is a measure

of the ordered volume fraction, Since the Bragg width does not appear to be

correlated with the Bragg amplitude, it is expected that the intensity, Z, exhibits

oscillations also. This is, in fact, the case as seen in the bottom graph in Figure 7-21.

One of the first explanations for this effect which comes to mind is a fluctuation

in the incident intensity of the x-ray source. Although there is no direct measure of the

incident beam intensity during the quench measurements, it would be expected that if this

were the case, the intensity observed at all scattering vectors would increase and decrease

uniformly. This is clearly not the case as shown in Figure 7-20 where the Bragg

component changes greatly with time while the liquid component remains unchanged.

Another possible explanation extrinsic to the system which was considered

involves motion of the sample holder in the beam. Due to the poor thermal conductivity
of the solutions, it is believed that a small thermal gradient exists across the sample.
When the sample is stationary in the beam, the spot size of the beam (less the 0.2 mm x

0.5 mm ) is small enough that this gradient should be negligible. However, it was

speculated that the flow of coolant through the quenching channel might induce
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Figure 7-21 Plots of the fitted Bragg widths and positions along with the normalized

intensity, Z, as a function of time following a quench from 201.8 °C to
2.0 °C on the SB50 solution. The data are represented by open circles
and the solid lines are guides to the eye.
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vibrations in the sample holder. These vibrations could cause the beam to illuminate

portions of the sample at slightly different temperatures which might exhibit significantly
different values of £ when the quench depth is small. This possibility was explored by

manually attempting to induce the relevant motion mechanically. These attempts were

unsuccessful because the induced vibration damped out quickly (t < 5 seconds , while

oscillations in the Bragg intensity persist for t > 400 seconds ) and the frequency of the

vibrations is, of course, much larger than required to produce the observe behavior of the

Bragg amplitude. In addition, it seems unlikely that any cause for vibration of the

sample cell would exhibit a frequency that is correlated to the quench depth.
From the above discussion, it appears that the mechanism for the observed

oscillations is unlikely to be extrinsic to the system. One possible intrinsic mechanism is

considered here, but the following discussion is highly speculative and qualitative.

This postulation is based on the low thermal conductivity of the polymer

solutions. As described in Chapter 2, the growth of an ordered droplet occurs when the

frequency of condensation of particles onto the droplet is greater than the frequency of

evaporation of particles from the droplet. Typically it is assumed that as particles
condense on the surface of the droplet, the heat of crystallization is removed rapidly from

the vicinity of the droplet so that the local temperature remains unchanged. In these

solutions, this might not be the case. As the surface of the ordered droplet propagates

outward, the heat of crystallization might raise the temperature of the solution above the

ordering point in the vicinity of the droplet. As a result, in that small volume of the
solution near the droplet, the disordered arrangement is favored and the evaporation rate

of particles from the droplet temporarily exceeds the condensation rate. Consequently,
the droplet begins to dissolve. However, as the local temperature returns to that of the
bulk, the ordered phase is again the stable phase and droplet begins to grow. In this way,

the oscillation in the Bragg peak intensity is the result of true oscillations in the fraction
of ordered phase in the solution.



CHAPTER 8
SUMMARY AND CONCLUSIONS

Reported here are the results of the first high resolution SAXS study of the

ordering in block copolymer systems. The resolution obtained at the synchrotron was

sufficient to resolve the ordered and amorphous contributions to the scattering profile.

As a result a careful determination of the lattice structure was possible and the structure

is unequivocally found to be BCC in the majority of cases. In a few cases there was an

observable splitting of the peaks; this probably arises from a distorted BCC structure.

In one instance evidence for a simple cubic phase was present. The phase diagram of the

system has been carefully mapped out and the behavior of the structure with temperature

and concentration has been discussed.

Small angle x-ray scattering measurements of the ordering kinetics in these

solutions have also been carried out The transition from a homogeneous to a

microphase-separated and then ordered state has been observed. The scattering profiles

show the existence of regions of liquid and BCC crystalline correlations between the

spherical domains. The ordering kinetics are, on the whole, well described by a model

for surface defect-induced nucleation, including the effect of site saturation. The system

is ideal for studying the full range of time dependence in this model covering the full

regime of the master curve.

In addition, characteristic time constants for the ordering process have been

calculated and were shown to follow a trend consistent with fundamental thermodynamic

considerations.

206
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In five quenches and on three solutions, oscillations were observed in the growth

of the Bragg peaks. The origin of this effect remains unclear, although a speculative

interpretation for this behavior has been proposed.

Future Directions

The block copolymer system has been shown to have great potential for

expanding our knowledge of statistical physics and kinetic phenomena and much work

remains to be done on these complex materials. Some possible directions for further

study are discussed here.

It was shown in this work that microphase separation occurs on a distinctly faster

time scale from the ordering process. In addition, trends in the development of the

amplitude, position, and width of the amorphous peak are reminiscent of those trends

observed during conventional phase separation in binary alloys. The difficulty in

deriving quantitative results from these data arise from the anisothermal nature of the

microphase separation seen in these studies due to the finite quench rate and rapidity of

the transition. This complication could be removed by slowing the transition. The

driving force for the MST could be reduced by choosing A and B monomers which
exhibit a smaller Flory-Huggins interaction parameter, %. More concentrated solutions

could then be prepared. The resulting viscosity is expected to reduce the mobility of the
chains and slow the transformation. In this way, the effects of chain motion and

connectivity on phase separtion might be observed.

A crossover in transformation behavior has been observed in the ordering

process. This crossover from n=4 to n=l behavior is consistent with nucleation on

surface defects. It has been suggested that the surface of impurity particles such as dust

might serve as these nucleation sites. The nature of the crossover as well as the relative

growth and nucleation rates could be probed in two ways. First, extensive precautions
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could be taken to reduce the concentration of the impurities in the solution. For instance,

the solutions could be passed through a millipore filter. Second, the effect of impurity

size and concentration could be tested by introducing a known quantity of impurity

particles (i. e. silver powder) into the solutions.134 In this way, it is believed that the
entire range of transformation behavior could be studied.

Another interesting direction for future research is the study of the ordering

kinetics in a diblock copolymer which microphase separates to form cylindrical domains.

The cylindrical domains are known to form a 2-D hexagonal closed packed lattice. In

the event that microphase separation in these systems occurs rapidly, the subsequent

ordering of the domains would be of interest due to the 2-D nature of the macrolattice.

Finally, further experimentation on the solutions studied here are required to

understand the novel oscillatoiy behavior observed in the shallow quench limit.



APPENDIX A
DATA ACQUISITION PROGRAMS

The equipment used in these studies including the PAR 1461 detector controller,

the Micristar temperature controller, the Ortec counter/timer, the Stanford Research

Systems digital delay generator, and the Klinger MC-4 motor controller were interfaced

to an IBM AT computer through the GPIB bus. Programs were written to drive these

devices and acquire the data within the ASYST scientific programming environment.

ASYST is a product of the Macmillan Software Company and is very similar to the

FORTH programming environment in that the system contains a variety of predefined

functions which can be used to form user defined routines. The system dictionary is

dynamic in that new routines can be defined in terms of both system functions and

previously defined user routines. ASYST is a very flexible and therefore powerful

environment for data acquisition.

A number of data acquisition and analysis routines were written within ASYST

and stored in the file " DET.UTL " for detector utilities. This appendix is a description

of these programs and utilities. In addition, a version of the ASYST environment was

created and stored in the file " ASYSTD.COM ". This version has the appropriate IEEE

driver and auxiliary device drivers installed. Execution of this program places one in the

ASYST environment with all of the detector utility programs predefined. The individual

GPIB devices must be defined and initialized by using the START.UP program.

What follows is a glossary of the user defines data acquisition routines.

real-scalar AB.PULSE

This function causes the SRS digital delay generator to emit a pulse of duration
real-scalar seconds from the AB pulse output. NOTE : this command is typically used
to initiate a burst of coolant ( gas, liquid ) to the quenching furnace. In that event, the

209
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solenoid valve must be connected to the DDG AB pulse connection via the solenoid
interface.

array BIN#

This function takes as an argument one array of dimension 1024 and bins it in
groups of # = 2, 4, 8 and leaves the resulting array of dimension 1024 / 2, 4, or 8 on the
number stack.

real-scalar CD.PULSE

This function causes the SRS digital delay generator to emit a pulse of duration
real-scalar seconds from the CD pulse output. NOTE : this command is typically used
to initiate a burst of coolant ( gas, liquid ) to the quenching furnace. In that event, the
solenoid valve must be connected to the DDG CD pulse connection via the solenoid
interface.

real-scalar CHANGE.SP

This function takes a real scalar as an argument and changes the value of the
setpoint to real-scalar. NOTE : this function was written for the Micristar temperature
controller and changes the setpoint for channel 1 only.

CLOSE.SHUTTER

This command closes the shutter on the Rigaku x-ray source. NOTE : this
command works by opening relay #1 on the Micristar temperature controller which then
activates a relay circuit whichin turn sends the signal to the Rigaku source and closes the
shutter. If the micristar is not interfaced to the computer or if the relay circuit is not in
place, this command will not be very useful.

real-scalar COUNT

This function instructs the PAR 1461 detector controller to initiate the acquisition
of data. The exposure time is set equal to real-scalar. NOTE: The scan mode is
determined by the I, J, and K values which the controller has at that time( see SET.IJK
and GET.UK ), so it is advised that these values be checked before initiation of the scan.
COUNT returns the computer prompt as soon as the instructions are received by the
controller and the value of the DATA array does not contain the result of this acquisition
until the GET command has been used.

DET.RUN

usage: 1.0 COUNT
1 GET
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This command instructs the PAR 1461 controller to initiate the acquisition of data
with its presendy defined values of ET, I, J, K, MEM etc. To set these values see
SET.IJK, SET.ET, and SET.MEM.

usage : 110 SET.IJK
1.0 SET.ET
1 SET.MEM
DET.RUN

integer-scalar GET

This function gets the contents of spectrum = integer-scalar and places these in
the array DATA where DATA[ 1 ] = the counts in channel 1 etc. The data transfer is
performed through direct memory access in binary. The binary values are then convened
to decimal values and placed in DATA. NOTE : If the previously initiated counting
( see DET.RUN and COUNT ) is not finished, the computer will poll the PAR 1461
controller until counting is complete and will therefore be unavailable for further
commands until counting is done.

GET.CMD

This command is used by GO and is not used as a command alone.

GET.IJK

This command gets the values of I, J, and K from the PAR 1461 detector
controller and places them on the stack in order. They are retrieved from the stack in
reverse order i. e.. K then J and finally I. NOTE : In the normal mode of data acquisition
I, J, and K are the following :

I = the # of scans to be placed in one spectrum
J = the # of spectra to be accumulated
K = the number of delay scans between each spectrum

GET.MEM

This command gets the value of MEM from the PAR 1461 detector controller and
places it on the number stack. MEM is the integer corresponding to the first spectrum to
be acquired by the detector controller, normally for acquisition of single spectra MEM is
set to 1. ( see SET.MEM )

integer-scalar GET.MON

This function retrieves the monitor count from the detector controller for
spectrum = integer-scalar. NOTE: The detector must be in either the "source
compensation" or "external analog" mode. See XA.MODE and SC.MODE.



212

GET.PV1

This function retrieves the value of the channel 1 process variable from the
Micristar temperature controller and places it on the number stack.

GET.PV2

This function retrieves the value of the channel 2 process variable from the
Micristar temperature controller and places it on the number stack.

GET.RSP

This command is used by the other detector communication routines and is not
used by itself.

GO

This is an interactive communication routine for the PAR 1461 detector
controller. After typing GO the user will receive a prompt requesting a string which will
be sent directly to the 1461. The syntax for communication with the detector controller
is outlined in the PAR 1461 manual. The response will be printed on the next line
followed by the prompt requesting another message. To exit the GO routine enter * at
the prompt.

usage: GO
’ENTER COMMAND ( * TO EXIT )DT
'-20.0'
'ENTER COMMAND ( * TO EXIT ) *

’LEAVING DETECTOR COMMUNICATIONS.’

HCOPY

This command is used to get hard copies of graphs from the ASYST graphics
display (See YA and YD ). First plot the data of which you wish to get a hard copy.
Then execute HCOPY. The text window will be cleared and the next fde name will be
displayed. ( See MKFIL )

INIT.PGM

This is a routine which is called by START.UP and is typically not used alone.

INT.CMD

This is a routine which is called by GO and is typically not used alone.
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string LOAD.CON

The typical format in which data is analyzed in the lab has been termed "confile"
format. A file in this format contains four lines of comments followed by a single line
containing an integer designating the number of points in the file, and finally the data
values : x, y, and dy, where there is one line per data point. This command loads the data
values from the file : string ( which is in "confile" format) into the arrays XX, YY, and
ERR. The maximum number of data points has been set to 400.

usage: " ABC001.DAT" LOAD.CON

string LOAD.PSD

Data files taken on either the gas proportional position sensitive detector of the
PAR diode array detector are often stored in ASCII format in a file containing 1024
numbers. This command loads the values from the file: string into the array DATA.

usage: " PSD001.DAT" LOAD.PSD

MIC.AUTO

The Micristar temperature controller can perform in either fully automatic or
manual mode. This command selects the automatic mode. ( See MIC.MAN and
MIC.OUT). Note: this command applies only to channel 1 of the temperature
controller.

MIC.MAN

The Micristar temperature controller can perform in either fully automatic or
manual mode. This command selects the manual mode where the power output to the
furnace is set using MAN.OUT. ( See MIC.AUTO and MIC.OUT). Note: This
command applies only to channel 1 of the temperature controller.

real-scalar MIC.OUT

In the manual mode this command sets the percentage of full power output by the
Micristar temperature controller to the furnace. ( See MIC.AUTO and MIC.MAN).
Note: This command applies only to channel 1 of the temperature controller.

usage: MIC.MAN
75.0 MIC.OUT

integer-scalar MKF1L
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This command composes a file name from integer-scalar and the three letter file
prefix stored in the string variable FILE.NAME. For example, the following sequence :

" C:ABC" FILE.NAME ":=
1 MKFIL

would place " C:ABC001.DAT" on the symbol stack. This string is then used by other
commands such as SAV, HCOPY and BIN.SAV.

MOVE.ARMO

This command instructs the Klinger stepping motor controller to position the 20
arm of the Huber diffractometer at zero degrees. This command is useful for moving
back and forth between the data acquisition position ( See MOVE.BS ) and the zero

angle position where resolution and polymer transmission measurements are made.

MOVE.BS

This command instructs the Klinger stepping motor controller to position the 2©
arm of the Huber diffractometer at the value contained in BS.POS. This command in
conjunction with MOVE.ARMO are used to alternately take measurements of scattered
spectra and resolution and polymer transmission. Note: The value in the scalar variable
BS.POS is in steps where there are 2000 steps per degree.

OPEN.SHUTTER

This command opens the shutter on the Rigaku x-ray source. NOTE : this
command works by closing relay #1 on the Micristar temperature controller which then
activates a relay circuit whichin turn sends the signal to the Rigaku source and opens the
shutter. If the micristar is not interfaced to the computer or if the relay circuit is not in
place, this command will not be very useful.

PRINT.ORTEC

This command gets the monitor counts ( channel 4 ) from the Ortec counter timer
and prints the value to the screen. This command is used in conjunction with
START.ORTEC which initiates the Ortec counting sequence.

usage : 1 1 START.ORTEC
PRINT.ORTEC

PRINT.RSP

’EXPOSURE = 1.00000000+0'
'MONITOR = 4.25600000+3'
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This command interprets the response from the PAR detector controller within
the GO routine. This command is not typically used separately.

string QUOTE

The Micristar temperature controller requires quotation marks around the value
within the GPIB message. However, the ASYST environment uses quotation marks as
delimiters for string values. For this reason, a special routine was written which embeds
string within quotation marks in preparation for sending the resulting string to the
Micristar via the GPIB bus. This command is used in other commands directed toward
the Micristar controller such as CHANGE.SP and MAN.OUT.

usage: "SP(1) = "
" 20.0" QUOTE
"CAT
GPIB.WRITE

READ.RSP

This command reads the response from the PAR 1461 detector controller to a
request initiated within the GO routine. The 1461 is polled until the response is ready,
and then the response is obtained. This command is used within GO and other
communication routines and is not typically used alone.

SAY

This command stores the difference between the scan values in the array DATA
and the background values in the array BG. This difference is saved to the file
designated by FILE.NUM and FILE.NAME in the ASCII ( or standard PSD format).

usage : 1 FILE.NUM :=
" C:ABC" FILE.NAME ":=
SAV

This sequence saves the spectrum in the file C:ABC001.DAT. FILE.NUM is
incremented following execution of SAV.

real-array string SAVE.DOS

This command saves the contents of real-array to the data file designated by
string in standard ASCII format. SAVE.DOS is called by SAV, but SAVE.DOS does
not increment the file index, FILE.NUM.

usage : DATA BG - " C:ABC001 .DAT" SAVE.DOS

real-scalar SCAN
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This program sets the exposure time to be real-scalar, then initiates the counting
sequence on the PAR detector corresponding to the preset values of the parameters I, J,
K, and MEM. ( See SET.IJK, GET.IJK, SET.MEM, and GET.MEM.) The values
stored in spectrum MEM are then transferred to the array DATA and then plotted in
ASYSTs "array>readout" format.

SC.MODE

This command places the PAR 1461 detector controller in the source

compensation mode. In this mode the voltage applied to the external analog input of the
1461 is integrated over the duration of the scan, digitized and stored as the 1025th point
of each spectrum. This value is useful in compensating for a fluctuating incident photon
intensity. This value for any spectrum can be transferred to the computer through use of
the GET.MON command. Note : if the voltage applied to the external analog input
exceeds 10 volts "clipping" of the source compensation value will occur.

string SEND

This command sends the string over the GPIB bus to the pre-selected device, then
reads the response from the device and places it in the 80-character string variable
RESPONSE.

usage: DET
"DT"SEND
RESPONSE "TYPE
'-40.0'

string SEND.CMD

This command polls the selected device until it is prepared to receive a GPEB
message, and then sends string to the device. This command is used in other programs
such as GO and COUNT.

SER.POL

This command performs a serial poll of the GPIB bus and divides the result into 8
individual bits which indicate the status of the device. This command is used by
SEND.CMD and READ.CMD in order to determine if the device is ready to send or
receive information.

real-scalar SET.DELAY

This function sets up the SRS digital delay generator to output a pulse of duration
real-scalar seconds from the CD output The digital delay generator is placed in the
single-shot mode and is triggered by pressing the "EXC" button on the front panel or
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subsequent execution of the TRIG.DDG command. This command is useful for sending
controlled bursts of coolant through the furnace and is most commonly used during
quenching measurements.

usage : 3.5 SET.DELAY
( This is followed by depression of "EXC" or execution
of the TRIG.DDG command.)

real-scalar SET.ET

This routine sets the exposure time for the PAR 1461 detector controller to be
real-scalar. Note : this is not necessarily equivalent to the total counting time for a

spectrum which also depends on the values of I and J. ( See SET.UK, GET.UK,
SET.MEM, and GET.MEM ). Once the parameters are set to the desired values,
initiation of data acquisition is accomplished through the DET.RUN command.

SET.UK

This command sets the values of I, J, and K for the PAR 1461 detector controller.
They are entered in order i. e.. I then J and finally K. NOTE : In the normal mode of
data acquisition I, J, and K are the following :

I = the # of scans to be placed in one spectrum
J = the # of spectra to be accumulated
K = the number of delay scans between each spectrum

usage : 110 SET.IJK

SET.MEM

This command sets the value of MEM for the PAR 1461 detector controller.
MEM is the integer corresponding to the first spectrum to be acquired by the detector
controller, normally for acquisition of single spectra MEM is set to 1. ( see GET.MEM )

integer-scalar1 integer-scalar2 START.ORTEC

This command sets the counting time for the ORTEC counter/timer and initiates
acquisition of the monitor count. The counting time is 0.1 x integer-scalarl
xlOlriteger-scalar2 when counting is completed, the monitor count is transferred to the
computer by using the PRINT.ORTEC command.

usage : 1 1 START.ORTEC ( Count time =1.0 seconds )

START.UP
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This program must be run upon entering the ASYST environment for the purpose
of using the detector programs. START.UP performs many tasks. Firstly, the values of
FILE.NAME and FILE.NUM are requested and then the data acquisition position for the
detector ( BS.POS ) is requested. Next the program asks for the name and address for all
of the GPIB devices ( up to Five ). Finally, the programs controlling the ORTEC counter
and Klinger motor controller are automatically loaded.

usage: START.UP
( Follow the instructions.)

TRIG.DDG

This function triggers the SRS digital delay generator. The DDG must first be
configured using the SET.DELAY command.

usage: 1.0 SET.DELAY
TRIG.DDG

XSCAN

The bane of all diode array detectors at this point in time is the significant dark
count which appears across the detector even in the absence of incident radiation.
Fortunately, this dark count is very repeatable and therefore can be measured and
subtracted off. This program accumulates a spectrum by alternately opening the shutter
on the Rigaku source and obtaining spectra and closing the shutter to obtain the dark
count. The exposure time is set to be real-scalar, and integer-scalar iterations of the
counting sequence are performed with the accumulated profiles in the array DATA and
the accumulated dark profiles in the array BG. Finally, a plot of the difference spectrum
( DATA - BG ) is made versus channel number using the YA command. XSCAN uses
the routines OPEN.SHUTTER, CLOSE.SHUTTER, COUNT, GET, and YA.

XA.MODE

This command places the PAR 1461 detector controller in the non-integrating
source compensation mode. In this mode the voltage applied to the external analog
input of the 1461 is sampled during the scan, digitized and stored as the 1025th point of
each spectrum. This value is useful in compensating for a fluctuating incident photon
intensity. This value for any spectrum can be transferred to the computer through use of
the GET.MON command. Note : if the voltage applied to the external analog input
exceeds 10 volts "clipping" of the source compensation value will occur.

real-array1 real-array2 YA

This function makes an X-Y plot with abscissa values, real-array1 and range
values, real-array2. The previous plot is cleared and the axis are rescaled. The data are
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presented in ASYST's "graphics.readout" format. Within this display, the following keys
have these meanings :

<Left or Right-arrow> Moves the cursor left or right
<Home> Displays the present cursor position
<Del> Exits the "graphics.readout” display

real-array1 real-array2 YD

This function makes an X-Y plot with abscissa values, real-array1 and range
values, real-array2. The plot is made on the existing axis without rescaling. The data
are presented in ASYSTs "graphics.readout" format. Within this display, the following
keys have these meanings:

<Left or Right-arrow> Moves the cursor left or right
<Home> Displays the present cursor position
<Del> Exits the "graphics.readout" display

The Program Listing

The following is a listing of the computer programs of the preceding discussion:

OUT>FILE BOOT.TXT

\ BOOTING THE DETECTOR GFIB PROGRAMS ...

CONSOLB.OFF

\

\

: IT;
\

\ VARIABLE DECLARATIONS

\

3 STRING FILE.NAME
INTEGER SCALAR FILEJiUM
INTEGER SCALAR BSPOS
0 BSPOS :*

3 GPIBDEVICE CTR

6 GPIB.DEVICE MOT

12 GPÍBDEVICE DET
10 GPIBDEV ICE MIC

15 GPIBDEV ICE DDG
INTEGER SCALAR S.POLL

INTEGER SCALAR INDJ

INTEGER SCALAR INDI

INTEGER DIMl 8 ] ARRAY S.POLL.BIT
75 STRING CMD.OUT
75 STRING RESPONSE

DIMl 2048 ) DMAARRAY DMADATA
REAL DIM[ 400 ] ARRAY XX
REAL DIMl 4001 ARRAY YY
REAL DIMl 400) ARRAY ERR
REAL DIMl 1024 ) ARRAY DATA
REAL DIMl 1024 ] ARRAY BG
REAL DIMl 1024 J ARRAY A1
REAL DIMl 1024 ] ARRAY A2
REAL DIMl 1024 ] ARRAY A3
REAL DIMl 10241 ARRAY A4
REAL DIMl 10241 ARRAY A5
REAL DIMl 10241 ARRAY A6
INTEGER DIMl 1024 1 ARRAY CHAN



INTEGER SCALAR RSP.CTR
INTEGER SCALAR OLD.CTR
1 STRING CMP CUR
• •• CMP.CHR ’:=

0. BG :=

0. A2:=

1. 1024. CHAN (JFILL

\

\
\

: INTTPGM
8 1 FIXPORMAT
CR CR ENTER THE GPIB ADDRESS OF DEVICE UNDER TEST: *

•INPUT

CR

44 ‘NUMBER
• GPIBDEV ICE "
CR .* ENTER THE NAME OF THE DEVICE: *
•INPUT 'CAT “EXEC
2000 TIMEOUT

SEND.INTERFACE.CLEAR

REMOTEÜNABLB.ON
13 EOS CHARACTER \USECR AS EOS
EOS ON
' DD 13* CMD.OUT ’:= \USE CR AS DELIMITER BETWEEN

\RESPONSES SO MULTIPLE
\ RESPONSES WILL BE SAVED IN
\ DIFFERENT VARIABLES

10 3 FIX.FORMAT

: GET.CMD

CR ■ ENTER COMMAND ( • TO EXIT y. *
•INPUT

CMD.OUT ":=

: INT.CMD
CMP.CHR
CMD.OUT
1•LEFT

IF

CMD.OUT -LEN 1 -

•RIGHT
CMD.OUT ’:=

TRUE
ELSE

FALSE

THEN

: SER.POL
235 SERIALPOLL

DUPSPOLL:»

#>MASK
7DUP 128. AND MASK># SPOLL-BIT [81:=
7DUP 64. AND MASK># SPOLL.BUT [ 7 ) :=
7DUP 32, AND MASK># SPOLLBIT [ 6 J :=
7DUP 16. AND MASK># SPOLLBIT [ 5 J :=
7DUP 8. AND MASK># SPOLLBIT [ 4 ] :=

7DUP4. AND MASK># S POLLBIT [ 3 ] r=
7DUP 2. AND MASK># SPOLLBIT (21:=
1. AND MASK>4 SPOLLBIT [ 1 J :=

: SEND.CMD

BEGIN
SERPOL
SPOLLBIT [ 1 J f>MASK \WATT FOR THE CMD DONE.

UNTIL
GPIB .WRITE

: READ-RSP
BEGIN

SERPOL
SPOLLBIT [ 8 J #>MASK \OUTPUT READY?
IF

RESPONSE GPIB READ
THEN

SERPOL
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SPOLL.BIT ( 1 ) #>MASK \CMD DONE ?
UNTIL

: GETRSP

ME LISTENER

DET TALKER
DMADATA DMA.GPIB .BUFFER
RSP.CTR OLD.CTR :=

0 RSP.CTR :=

BEGIN

SERPOL

SPOLL.BIT | 8 ] #>MASK \OUTPUT READY ?
IF

1 RSP.CTR * RSP.CTR :=

ME LISTENER

DET TALKER

DMA.LISTEN
THEN

SERPOL

S POLL.BIT [ 1 ] #>MASK \CMD DONE 7
UNTIL

: PRINTRSP

SPOLL-BIT [ 2 J #>MASK
IF

BELL

CR

COMMAND ERROR’ CR
OLD.CTR RSP.CTR :=

ELSE

CR RESPONSE TYPE CR
THEN

: GO

DET

NORMAL-DISPLAY

8 1 FIX .FORMAT

GET.CMD

BEGIN

CMD.OUT

SEND.CMD

READ.RSP

PRINT.RSP

GET.CMD
’ •’ CMD.OUT 1 ’LEFT *=

UNTIL

CR CR .’ LEAVING DETECTOR COMMUNICATIONS. ’ CR
10 3 FIX .FORMAT

: GET

8 1 FIX-FORMAT

DET
’ BDUNT ’ V ’CAT ’ .1.1024 ’ ’CAT SEND.CMD
GETRSP

DMA-DATA DUP SUB[ 2.1024.2 ] 65536.0 • SWAP
SUB( 1 . 1024.2 1 65536.0 ♦ 65536.0 MODULO ♦ DATA :=
10 3 FIX-FORMAT

:COUNT

8 1 FIX .FORMAT

DET
’ ET ’CAT SEND.CMD
* RUN ’ SEND.CMD

: YD

XYDATAPLOT

ARRAYREADOUT

NORMAL.COORDS

0.20.95 READOUT>POSITION
WORLD .COORDS

: YA
XYAUTOPLOT

ARRAYREADOUT

NORMAL.COORDS

0.2 0.95 READOUT>POSmON
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WORLD.COORDS

: SCAN
COUNT
1 GET
OIAN DATA BG - YA
10 3 FDC .FORMAT

: SAVEDOS
6 0 FDC FORMAT
•DUP
■ OUT>FILE ' ’SWAP ’CAT ’EXEC
CONSOLE.OFF
CR

OUT>FTLE.CLOSE
■ DIR ‘ "SWAP "CAT "EXEC
10 3 FDC FORMAT

: BIN8
DUP SUB[ 1 ,, 128.8 J SWAP DUP
SUB( 2, 128 ,, 8 ) SWAP DUP
SUB( 3 . 128 ,

8 ] SWAP DUP
SUB( 4 , 128,, 8 ) SWAP DUP
SUB( 5. 128 ,, 8 ] SWAP DUP
SUB{ 6, 128,, 8 ] SWAP DUP
SUB( 7. 128,, 8 J SWAP
SUBÍ 8. 128 ,,8] + + + + + + +

: BIN4

DUP SUBÍ 1 ,, 256.4 ) SWAP DUP
SUB( 2. 256 „ 4) SWAP DUP
SUBÍ 3. 256 , 4 ) SWAP
SUBÍ 4. 256,, 4 J ♦ ♦ ♦

: BIN2

DUPSUB[ 1.512.2) SWAP
SUB( 2.512,2) ♦

:QUOTE
34 ASCII" "SWAP "CAT 34 ASCO" "CAT

: OPEN.SHUTTER

MIC
" LET EV(1) = " " 1 " QUOTE "CAT
GPIB.WRITE

RESPONSE GPIBREAD
25a MSEC.DELAY

: CLOSE-SHUTTER

MIC
" LET EV(1) = " " ■ QUOTE "CAT
GPIB WRITE

RESPONSE GPIBREAD

250. MSECDELAY

: XSCAN
0. BG :=

a A2r-
81 FDC FORMAT

1 ♦ 1 DO
OPEN.SHUTTER
DET
DUP COUNT 1 GET

DATA A2 ♦ A2

CLOSEDHUTTER
DET
DUP COUNT 1 GET

DATA BG ♦ BO

LOOP
CHAN A2 BG - YA
A2 DATA :=

DROP
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10 3 FIX .FORMAT

:LOADPSD
OINDJ :=

'DUP

DEFER> BASICOPEN
CR .* LOADING : * TYPE CR
BASICREAD
STACK-CLEAR
BEGIN

INDJ 1 ♦ INDI :=

BAS ICREAD
INDJ ♦ INDJ :=

INDI INDI DO
I DATA @[ ? J ENTER! t ] DROP
-1 ♦LOOP

1024 INDJ =

UNTIL

BASICCLOSE

: LOAD.CON
■DUP

0 INDJ :=

DEFER> BASICOPEN
CR.’LOADING: “ TYPE CR
BAS ICREAD
BASICREAD
BASICREAD
BASICREAD
STACK-CLEAR
BASICREAD
DROP

BEGIN

INDJ 1 ♦ INDJ :=

BASICREAD

3 = NOT

IF CR Read Eitot "
BASIC CLOSE QUIT
THEN

INDJ ERR @( ? ) ENTER! ? J
DROP

INDJ YY@(7] ENTER! 7 )
DROP

INDI XX @( 7 ) ENTER! 7 1
DROP

DUP INDJ =

UNTIL

BASICCLOSB
CR .* THE NUMBER OP ELEMENTS = " . CR

: MKFTL

V 3 ’RIGHT 1X1? 1 "LEFT "DUP ’ ”= IF ’DROP ’ O' THEN
’SWAP 2 ’RIGHT ’DUP 1 ’LEFT ’DUP ’ ”= IF ’DROP ’ O’ THEN
’SWAP 1 ’RIGHT ’CAT ’CAT FILE-NAME ’SWAP ’CAT ’ DAT’ ’CAT

:HCOPY

SCREEN .CLEAR

FILE-NUM MKFIL TYPE CR

SCREEN.PRINT

: SAV

NORMALDISPLAY
DATA BG - FILE-NUM MKFIL SAVEDOS

1 FILE-NUM ♦ FILE-NUM .-=

: SEND

(3TB.WRITE
RESPONSE GPIBREAD

: MOVRARMO

MOT
’ RZ2000 ’ GPIB.WRITE
“ PZ20 ’ GPIB .WRITE
’ TZ2 ’ GPffi.WRITB
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* PZO ’ GFIB WRITE

: MOVERS
MOT
• RZ2000 * GPIB.WRITE
* YT BSPOS 20 ♦ V 'CAT GFIB .WRITE
* TZ2 * GPIB .WRITE
• FT BSPOS V ’CAT GPIB.WRITE

: START.MON
CTR
• EN_REM ‘ SEND
• INIT * GPIB.WRITE 1000 MSECDELAY RESPONSE GPIB READ
• CL.ALL * SEND
• SET_MOD_SEC " SEND
’ SET_OOU_FR * SWAP V *CAT " "CAT V ’CAT SEND
• STA * SEND

: PRINT-MON

CTR
* EN.REM * SEND
* SH_COU * SEND
•TIME = ‘RESPONSE7 ‘LEFT TYPE

.* MONITOR = -RESPONSE 10’RIGHT8‘LEFTTYPECR
RESPONSE GPIB READ
* EN_LOC ’ SEND

: START UP
CR ENTER FILE NAME PREFIX : " ‘INPUT FILE-NAME ‘- CR
CR .’ ENTER STARTING FILE # : " ‘INPUT 13 ‘NUMBER
FILE.NUM :=

IF‘DROP THEN
CR CR .* ENTER THE BEAM STOP POSITION : ‘ ‘INPUT 13 ‘NUMBER
BS POS :=

IF‘DROP THEN
INITPGM

INITPGM

INITPGM

INTTPGM

INITPGM

CTR 10 EOS.CHARACTER
LOAD COUNTERPGM
LOAD MOTORSPGM
EXIT

F8 FUNCTIONJCEYDOES HCOPY
F9 FUNCT10N.KEY.DOES SAV

OUT>FILE.CLOSE

DELETE BOOT.TXT

SCREEN CLEAR

: SET.UK

DET

8 1 FIX.FORMAT
‘ K “.‘ ‘CAT GPIB.WRITE
‘ J ‘CAT GPIB.WRITE
* I “.* ‘CAT GPIB.WRITE

10 3 FIX .FORMAT

: GETJJK

DET
81 FIXPORMAT
’ I ‘ GPIB.WRITE RESPONSE GP1 BREAD RESPONSE 13 ‘NUMBER IP THEN ‘DROP
• J ‘ GPIB .WRITE RESPONSE GPIBREAD RESPONSE 13 -NUMBER IF THEN ‘DROP
‘ K ‘ GPIB.WRITE RESPONSE GPIBREAD RESPONSE 13 -NUMBER IP THEN 'DROP
10 3 FIXPORMAT

: SETET

DET

8 1 FIX-FORMAT
* ET ‘CAT GPIB .WRITE
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10 3 FIX .FORMAT

: SETMEM

DET

8 1 FIX-FORMAT
• MEM " V "CAT GPIB.WRITE
10 3 FIX.FORMAT

: GETMEM

DET

8 1 FIX-FORMAT
* MEM * GPIB.WRITE RESPONSE GPIB.READ RESPONSE 13 "NUMBER IF THEN "DROP
10 3 FIX.FORMAT

: DETRUN

DET
" RUN ’ GPIB .WRITE

: SCMODE

DET
" SC * GPIB .WRITE

: XAMODE

DET
" XA " GPIB.WRITE

: MIC-MAN

MIC
" LET LS(1)=‘" M' QUOTE "CAT GPIB .WRITE
RESPONSE GPIB READ

: MICAUTO

MIC
" LET LS(1)=" " A" QUOTE "CAT GPIB .WRITE
RESPONSE GPIBREAD

: MKZ-OUT

MIC

5 1 FIX-FORMAT
" LET RO(l)=" "." QUOTE "CAT GPIB.WRJTE
RESPONSE GPIB READ

10 3 FIX.FORMAT

: GET-PV1

MIC
" PR PV(1)* GPIB.WRITE
RESPONSE GPIBREAD

RESPONSE 13 "NUMBER IF THEN "DROP

: GETPV2

MIC
" PR PV(2)" GPIB.WRITE
RESPONSE GPIB READ

RESPONSE 13 "NUMBER IF THEN "DROP

: CHANGE.SP

MIC

5 1 FIX.FORMAT
" LET SP(1)=" "." QUOTE "CAT GPIB.WRITE
RESPONSE GPIBREAD

10 3 FIX.FORMAT

: SET.DELAY

DDG

61 FIX-FORMAT
" DT 24.0.0* GPIB.WRITE
" DT 3.1.0.0 " GPIB.WRJTE
" DT 54 4 0 " GPIB.WRJTE
" DT 64." 3.0 ♦ V "CAT GPIB.WRJTE
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* TM 2 ‘ GFIB.WRITE
10 3 FIX .FORMAT

: TRIG .DDG
DDG
• SS ' GPIB.WRITE

: CETMON
DET
8 1 FIX .FORMAT
• DC ’ V 'CAT • .1025.1 " ’CAT GPIB.WRITE
RESPONSE GPIBREAD
RESPONSE 13 -NUMBER IF THEN 'DROP
10 3 FIX .FORMAT

: CD .PULSE
DDG

6 1 FIX.FORMAT
‘ DT 2,1.0.0 ’ GPIB.WRITE
’ DT 3.1.0.0 ’ GPIB.WRITE
• DT 5.1.0.0 ‘ GPIB.WRITE
’ DT 6.1," V ‘CAT GPIB .WRITE
* TM 2 ‘ GPIB.WRITE
10 3 FIX .FORMAT
TRIGDDG

: AB.RJLSE
DDG

6 1 FIX.FORMAT
* DT 2,1.0.0 ’ GPIB .WRITE
* DT 3,1," V "CAT GPIB.WRITE
’ DT 5.1.0.0 * GPIB .WRITE
’ DT 6,1.0.0 * GPIB .WRITE
* TM 2 " GPIB .WRITE
10 3 FIX .FORMAT
TRIGDDG



APPENDIX B
THE HEATING CIRCUIT

The voltage output by the Micristar temperature controller is insufficient to power

the heating resistors in the furnace. For this reason, a heating circuit was developed

which takes the 0-5 VDC output from the Micristar and converts it to a current

proportional to this DC value which is delivered to the furnace. The circuit design is
shown in Figure B-l. The DC proportional relay shown in the circuit is a Douglas

Randall RD04A solid-state relay. This device inputs a DC voltage in the range from

0-10 VDC and limits the AC current passing through its secondary terminals to a value

proportional to the input. Generally, the 120 VAC which drives the secondary side of the
relay passes too much current through the 3Q hearing resistors to be used directly. For
this reason, a Variac variable autotransformer is used to scale down the voltage to a

usable level. A Keithley multimeter is typically used to monitor the current to the

furnace.

One useful feature of this heating circuit design is that the gain of the circuit can

be adjusted through the variac. In this way, it is also possible to limit the maximum
current to the resistors by manually adjusting the Micristar controller to maximum output

and setting the variac so that the desired maximum current level appears on the ammeter.
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Figure B-l
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A schematic of the heating circuit used to power the polymer x-ray
scattering furnace. The elements of the circuit are described in the text.



APPENDIX C
THE SOLENOID INTERFACE

A Stanford Reseach Systems digital delay generator ( DDG ) was used to control

the solenoid valve which in turn controls the flow of He through the quenching channel

of the furnace. A circuit was required which would input a TTL pulse from the DDG

and emit an 8 V pulse to the solenoid valves. The required current to the valves is

approximately 2 A. The circuit which was developed is shown in Figure C-l. the

following is a list of the components in this circuit:

T1 18 V / 2A Transformer

FI 1.5A Fuse

SW1 Miniature Toggle Switches

Cl 4000 mF / 25V Capacitors

D3, D4 Diodes : 1N5402

R1.R2 2.4 KW, 0.5 W, 5% Carbon Resistors

CR1 MOV : V130LA20B

DI, D2 Diodes: 1N4002

Q1.Q2 Darlington Transistors : 2N3904/TIP33

LPl 120 VAC Neon Lamp
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The solenoid interface circuit. The components and use is described in the
text.

Figure C-l



APPENDIX D
THE DEVELOPMENT OF THE SAMPLE MOUNT

The Thermal Characteristics of the Sample Mount

The initial sample mount design is shown in Figure D-l. The heating/cooling

unit and the sample cell are separate. The heating unit is a solid copper block of

dimensions l’/2 x 2'/4 x 3/8 . Within this block are two resistors which are used to heat

the sample. The current to these resistors is controlled by a Micristar temperature

controller via a specially designed heating circuit that will be described later. The

resistors are inserted into 1/4" diameter holes in the copper and good thermal conduction

is achieved by applying pressure with three stainless steel screws. A number of resistor

types were tested and it was found that 3Q Ohmite brand wirewound resistors exhibited

the longest life in this application. A minor experimental note is that the resistors must

be annealed by passing approximately two amperes of current through them before

insertion into the copper block. It was found that they change shape upon annealing and

often crack if first annealed within the constraints imposed by the copper hole.

The quench is initiated by passing coolant through the quenching channel in the

copper block ( see figure D-1 ). Coolant is transported to and from the sample mount

through V8 outer diameter, '/16 inner diameter stainless steel tubing. Stainless steel is

used because its poor ( relative to copper) thermal conductivity helps to thermally isolate

the sample mount from the external environment. Swagelock connections are used to

join the stainless tubing to the copper tubing which is fed through the furnace wall
( shown in figure 5-2 ). The quenching channel is composed of two */8 diameter holes

extending from the top to bottom and connected via an '/8 diameter hole drilled from
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i

Figure D-l An illustration of the initial sample mount design. Shown are the heating
unit including: the heating resistors and the quenching channel, the
Kapton windows, and the sample cell as detailed in the text.
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side to side. The resulting loop was sealed from the outside with silver solder and the

stainless steel tube was sealed to the copper block in the same way.

The sample holder was initially made from an aluminum block of dimensions

I1/2" x 1V2" x V4". A slot is cut in the center of the aluminum extending vertically and

having dimensions 3 mm x 15 mm x V4". The block copolymer solution was sealed

within this slot with two 2 mil Kapton windows. The Kapton windows were affixed with

omegabond epoxy. Thermal contact between the heating block and the sample cell was

accomplished by bolting them together with four stainless steel bolts.

Temperature sensors were placed both in the sample and resistor positions.

Chromel/Alumel K-Type thermocouples were used for temperature measurement. The

voltage generated at the junction point caused by the difference in the fermi levels of the

two alloys is highly temperature dependent. For this reason, this connection is

commonly used for thermal sensing. One thermocouple, formed from 5 mil Chromel

and Alumel wires, was passed through the hole indicated in Figure D-l and through a slit

in the Kapton window which encapsulates the polymer solution. In this way, the

temperature was measured by a sensor embedded directly in the sample. The slit in the

window was then sealed around the thermocouple with Omega CC High Temperature

ceramic cement. A second theimocouple was placed between the copper heating block

and one of the nuts used to apply pressure to the resistors.

In this design, a large thermal lag was observed between an increase or decrease

in the current level and the corresponding increase or decrease in the polymer

temperature. This time lag makes it very difficult to control the sample temperature

reliably using the sample sensor, often inducing long period oscillations in the sample

temperature. Since the copper block generally responds much more rapidly to heating
and cooling than the polymer solution, this sensor was used for control purposes. In this

way, the thermal oscillations were avoided.
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The incident x-ray beam enters the furnace through the outer Kapton window in

the furnace lid. Next, the beam passes through the Kapton window of the sample cell

and is diffracted by the polymer solution. The scattered beam then exits through the

second Kapton window on the sample cell, a slot in the heating block and another Kapton

window on the furnace lid.

For a number of reasons, the capabilities of this heating unit were not adequate,

in order to provide better performance many alterations were made in the design. These

alterations are reflected in figure 5-5 where the design ultimately used in these

experiments is shown. The problems with the initial design can be summarized in three

points. First, the quench rate and thermal behavior was poor. Second, the seal on the

sample cell repeatedly failed resulting in a loss of the selective solvent. Finally, the

sample thickness was adjusted to the optimal value so as to maximize the scattered

intensity. Each of these problems will now be discussed in greater detail.

The objectives of these experiments are to observe the equilibrium structure of

the various polymer solutions at different temperatures and to study their kinetic

properties through the thermal quench. In order to accomplish these, the furnace must be

able to maintain a preset temperature for long periods of time. In addition, it must be

able to change the sample temperature rapidly from one stable value to a lower stable

value. The heating unit show in figure D-l satisfies the first of these requirements,

having a thermal stability of better than 0.3 C for periods exceeding several hours.

However, this design failed to satisfy the second of these criteria.

The thermal quench is achieved by rapidly forcing a measured amount of coolant

through the cooling channel with a timed pulse of high pressure gas. The duration of the

pulse is chosen so that all of the coolant is expelled from the furnace. The ideal thermal

behavior would be a sample temperature versus time profile which resembles a step

function. Of course, this not possible in practice. The temperature was measured at the
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sample and base positions and plotted as a function of time by a Linseis Model L4100

two channel chart recorder.

The base temperature was seen to react more quickly to the coolant than the

sample temperature as expected. The drop to its minimum value with a graphically
estimated time constant of approximately 3 seconds. At between 10 and 15 seconds

depending on quench depth , the base temperature begins to rise and it continues to do so

for approximately 60 seconds before levelling off. The sample temperature was

observed to follow behind the base temperature with a much slower time constant

( approximately 12-14 seconds ).

The rise in base temperature after reaching its minimum value was determined to

be the result of a large latent heat residing in the resistors. The ceramic which encases

the wound wires of the resistor is a poor thermal conductor and acts to contain the heat.

As a result, the copper block cools rapidly at first, but then heats up as energy is slowly

released from the resistors. As shown in figure 5-5, an additional quenching channel is

inserted into the copper block near the location of the resistors. The extra cooling power

helps to remove more heat from the resistors and lower the slope of the later time portion
of the temperature curves. In addition, a procedure was developed which utilizes the
residual heat of the resistors to stabilize the sample temperature following the quench.

The details of this procedure will be discussed in a later section.

Since the sample temperature effectively tracks the base temperature, reducing
the time constant which describes the drop in base temperature should result in a faster

quench. A number of modifications were made to accomplish this. The quench rate is

governed by two quantities, the thermal mass of the heating block and the cooling power

of the quenching channel. The size of the heating block was reduced, resulting in a

reduction in its thermal mass. Also attacking the problem from the opposite angle, the

cooling power was gready enhanced by increasing the diameter of the copper tubing in
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the feedthroughs from V16" inner diameter to 3/I6" inner diameter and adding the second

loop through the heating block which was previously discussed.

The most important enhancements in quench rate came from providing a far

better thermal link between the heating block and that volume of the polymer solution

that is illuminated by x-rays. The first improvement was to replace the aluminum sample

cell with one made from copper which has a significantly higher thermal conductivity.

This modification provided slightly better performance, but the major obstacle was found

to be poor thermal conduction through the Kapton window to the sample cell. As a

result, a totally different geometry was designed to avoid this liability. In the new design

( figure 5-5 ) the sample cell is rigidly held between two identical heating units. Good

thermal conduction is achieved by clamping the unit together with two stainless steel

braces, it was found that very flat edges on both the sample holder and the mating

surfaces of the heating blocks are critical in forming a good thermal link.

With the above modifications, the time constants describing the temperature drop

of the base and sample temperatures were reduced to 1 and 8.5 seconds respectively. At

this point, it was observed that the new factor limiting the quench rate was in fact the

thermal conductivity of the polymer solution itself.123-124 The size of the capsule in

which the solution resides was originally designed for in-house studies using the rotating

anode x-ray source. The beam spot required at the synchrotron is much smaller and

therefore allowed reduction of the capsule dimensions to 2 mm x 6 mm x 3 mm, while

still allowing a large enough aperture for the x-ray beam to pass through cleanly. This

reduction of the thermal path to the center of the sample resulted in a further reduction in
the sample time constant to - 6.5 seconds.
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Sealing of the Sample Cell

During heat treatment of the polymer samples, the pressure within the furnace

was observed to rise with increasing temperature and C14 loss from the polymer solution

was suspected. The leak was verified in two ways. First, annealing the sample overnight

resulted in a noticeable decrease in the amount of solution contained in the sample cell.

And second, the C14 "cracking pattern" was observed on the Quadrapole Gas Analyzer.

The Quadrapole Gas Analyzer yields a plot of partial pressure versus mass of constituent

particles for the atmosphere inside the vacuum chamber. A "cracking pattern" is the

mass distribution of particles which results when a large molecules such as n-tetradecane

into smaller molecules by the gas analyzer. Such a pattern was observed for C14 and has

peaks at the positions : 26, 27, 29, 32, 41, 43, 55, 56, 57, and 71 in atomic mass units.

What was required was a method of sealing the Kapton windows to the copper

sample holder which could be heated to around 250 °C and maintain its structural

integrity without outgassing under vacuum. Several types of epoxy and heat treatments

were tried in an attempt to overcome this problem. Our first attempt was to place the

polymer solution in the holder and affix the Kapton windows with omegabond epoxy.

The sample holder was then cured at 80 °C under normal atmosphere for 8 hours. A

second attempt was the same configuration using Omega CC High Temperature ceramic

cement instead of the epoxy. In both of these cases the samples were sealed at room

temperature, but leaked as the samples were heated to varying temperatures between 80
and 140 °C. The leak was detected as a rise in chamber pressure from its typical value

below 10 millitorr to above 60 millitorr. The mode of failure for both of these attempts

was the formation of a crack in the epoxy extending parallel to the Kapton surface. Use
of thicker or thinner layers of epoxy (cement) gave the same result.

The cracking of the epoxy was evidently caused by a combination of the internal

pressure applied by the polymer solution and the brittleness of the epoxy ( or cement).
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For this reason, Permatex High Temperature RTV Silicone cement was tried. It was

believed that the elastic nature of the cement might allow relief of the stress without

leakage. This was not the case, however, in that small pin-hole leaks were formed in the
RTV cement at temperatures between 120 and 150 °C.

Next we decided to try the omegabond epoxy with a higher curing temperature (

200 °C ). It was hoped that this might add to its structural stability at high temperatures.

However, annealing at this temperature would have resulted in significant loss of C14

during the curing process. For this reason, a method of loading the sample after the

epoxy was cured had to be developed. A V16" diameter hole was drilled and tapped in

the top of the sample cell as shown in figure 5-X. The epoxy was then cured at 200 °C
for 6 hours. Once cool, the polymer solution was inserted through the loading hole and

the hole was sealed with a screw wrapped in Teflon tape. This curing treatment did

enhance the strength of the epoxy in that it was observed to fail at higher temperatures

(- 180 C).

At this point another tack was tried. It was reasoned that since the pressure

difference between the hot polymer solution inside the cell and the vacuum outside the

cell was responsible for breaking the seal, then backfilling the furnace with one

atmosphere of argon should provide sufficient support to prevent leakage, this

arrangement did in fact prevent leakage of the sample to temperatures in excess of

250 °C. However, two additional difficulties arose with this method. First, because the

furnace seals were not perfect, the atmosphere within the furnace was continuously being
contaminated. The changing composition of the gas within the furnace results in a

changing transmission coefficient through the gas of the x-ray beam. The resulting

uncertainty in the incident beam intensity was unacceptable. The second difficulty was a

significant thermal gradient and accompanying time lag during the thermal quench which
is not present when the chamber is evacuated.
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Finally, a satisfactory sample cell design was achieved. Two V16" thick stainless

steel masks were bolted to the front and back of the sample holder. The pressure applied

by these masks was found to be sufficient in most cases to prevent leakage, as long as the

masks were in place during the curing process. In the event the masks were tightened

down after curing, the epoxy cracked simply due to the pressure applied by the masks.

As a critical test of the seal, the sample holder was filled with isopropyl alcohol and then

heated to 220 °C. At this temperature, the vapor pressure of the alcohol is much greater

than that of Cl4 and any leakage very quickly results in the evaporation of all of the

isopropyl alcohol. Once the seal had been verified, the sample cells were filled with the

different polymer solutions.

The sample thermocouple was originally placed in the sample cell through a slit

in one of the Kapton windows. After the loss of C14 became evident, it was apparent

that an alternative method of placing the thermocouple in the sample was required. As a

result, Omegaclad thermocouple leads were employed. These are composed of one 3 mil

chromel and one 3 mil alumel wire extended parallel to each other and surrounded by a

stainless steel cylindrical shell. The cylindrical sheath is packed with a ceramic powder

which prevents contact between either of the alloy wires and the outer shell. The metal

coating and ceramic powder are sheared off at both ends ( preferably using the tool sold

by Omega which saves many hours and much frustration ). At one end, the leads are

welded together to form the thermocouple junction. At the other end, the wires are

connected to the thermocouple feedthrough leads from which the thermocouple voltage is

measured. A hole is drilled in the end of the sample holder opposite the end through

which the sample is loaded. This hole is just large enough for the thermocouple joint and
the stainless steel sheath to pass through. When the thermocouple tip is in the desired

position , the stainless steel sheath is sealed to the copper holder with silver solder. In

this way, the temperature sensor is embedded as close as possible to the volume of
solution to be illuminated by x-rays without sacrificing the integrity of the seal.
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The Optimal Sample Thickness

The intensity of radiation scattered at small angles, Is, is linearly proportional to

the product of the sample thickness, t, and the absorption factor, (i:64

Is oc t e'M* (D'1)

Here the absorption length, (i, is the thickness of material which reduces the intensity of

the incident intensity by a factor, 1/e. This expression is a maximum when t = tmax = 1/p.

In order to maximize the scattered intensity from out polymer solutions, absorption

measurements were performed on four 35 wt.% SBS triblock in C14 samples having

thicknesses: t = 0.072". 0.120", 0.165", and 0.230" +- 0.003". From these

measurements |l was determined to be 8.39 +- 0.30 inches-1 and consequently tmax =

0.119" +- 0.005”. As expected from this result, preliminary measurements of the

scattered profile showed a maximum interference peak intensity for the 0.120" thick

sample. Since the function of Equation D-l is relatively flat in the region of t^^, and the

different polymer solutions exhibit slightly different transmission coefficients, a sample

thickness of 3 mm was chosen for convenience.
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