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ABSTRACT

RELATIONSHIPS BETWEEN STRUCTURE MEMORY AND FLOW IN
SHEARED AMORPHOUS MATERIALS

Kevin Lawrence Galloway
Paulo Arratia

Amorphous solids, those composed of haphazardly arranged constituents, are found
everywhere from our windows as silicate glass, in the ground and foundations as mud
and concrete, and our grocery stores as granular piles of oranges. Even though they
can be found over a huge range of length scales, it remains a challenge to system-
atically design their mechanical properties using knowledge of their microstructure.
In this thesis, | investigate the link between the microstructure and the mechani-
cal properties of a-thermal solids. First, | probe the particle trajectories for chaotic
signatures that relate to bulk rheology. Particles are con rmed to exhibit chaotic,
Brownian like motion during cyclic shear, even though the particles are large enough
that thermal motion is negligible. 1 also nd that, the average area traced by return-
ing particles is proportional to the amplitude of strain, which could be useful foin

situ measurements in industrial, granular, mixing applications. Next, | examine the
interconnection between particle dynamics and the arrangements of the constituents.

| calculate the characteristic time for particles to shift past each other, called relax-
ation time, and the con gurational entropy of the system in excess of a reference
ideal gas. | show that the relaxation time at any given instant is related to the ex-
cess entropy a quarter shear cycle later, which implies that the dynamics of particles
shape the eventual structure. This means it is possible to take a snapshot of particle
positions and infer its mechanical past. Finally, | focus on the interplay between
particle positions and bulk yield by using concepts from kinetics, thermodynamics,
statistical mechanics, and shear transformation zone theory. | establish a relationship
between excess entropy and energy dissipation and uncover a novel de nition for the
yield transition based on memory signatures within the microstructure. Using these
observations, | derive a phenomenological model that links the microstructure to bulk
rheology that is physically informed and whose parameters are all quantitatively mea-
surable. This dissertation elucidates how the statistics of particle con gurations and
dynamics give rise to the macroscopic transition from elasticity to plasticity during
yield of amorphous, a-thermal solids.
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4.2

Overview of structure, dynamics, and response. We characterize
the disordered solid bulk response to cyclic stress from evolving con gu-
rations of individual constituent particles. (a) Image of 40,000 particles.
Part of the raw image is shown (left). The scale bar is 200n . Detected
particle positions are also shown (right). For illustration, color indicates
Dﬁﬂn;c , Which quanti es the degree to which a particle has followed a non-
a ne returning trajectory (blue), or a non-a ne escaping trajectory (red).
The particles in this image are experiencing yield (o 15:7%). (b) Quan-

ti cation of the fractions of particles escaping and returning averaged over
all stress cycles versus total strain amplitude. Error bars are standard de-
viation. Returning events rapidly increase near the yield point ( ¢ 3:0%).
(c) The number of particles, Z"re within a radius, r of a reference parti-
cle. The radius is expressed in units ofa, the average distance between
neighboring particles. Vertical dashed lines indicate the limit of the rst
shell of neighboring particles. Inset: radial distribution function, g“re. (d)
The measured strain of the material versus the imposed stress throughout
a cycle. Both stress and strain are averaged stroboscopically over 25 cycles.
The di erent ellipses correspond to separate runs at di erent imposed stress
amplitudes. Here, the area enclosed is a result of the lag between stress and
strain, which in turn quanti es the energy dissipated from the material.
Memory within microstructure. Microstructural anisotropy reveals
signatures of memory. Below yield, anisotropic orientation remains un-
changed regardless of shear direction. Orientation quanti es stored memory.
Above yield, anisotropic orientation reverses freely to match the direction of
shear, indicating a loss of memory. (a) Radial distribution function, g(x,y,t)
at a time corresponding to one quarter of the way through a shearing cycle.
We t an ellipse to the rst neighbor ring. This ellipse stretches and re-
orients over time indicating changes in structural anisotropy of the sample.
Two elliptic ts are shown at two times, t=1.25 ( | ) and 1.75 [cycles] {

- -). (b) Orientation of the sample microstructure over time as a function
of strain amplitude. With increasing strain amplitude, the microstructure
reorients to match the stretching axis. It rst reorients completely at the
yield point (3:2%). (c) Elongation quanti ed by the ratio of ellipse major
and minor axis lengths (m~n) over time. Below yield, elongation oscillates
directly with the strain; above yield, elongation oscillates with twice the
frequency of strain perturbation. In b & ¢ data are averaged strobscopically
over 25 cycles. . . . . Lo e e e e e e e
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cess entropy, with the mean value subtracted, follows a sinusoidal response.
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tial state. Above yield, the entropy response oscillates almost exclusively
at twice the shear cycle frequency. Black dots indicate experimental data.
Red lines are ts to equation 4.1 with T as the only tting parameter. The
experimental data are averaged stroboscopically over 25 cycles. (b) Ampli-
tudes associated with the rst and second harmonics are present within the
s, signals. Note, that the second and rst harmonic amplitudes cross each
other at the yield point, o 3%, designated by the vertical dashed line (-
) P 69
Imposed force, microstructural excess entropy, and rheology
a) The imposed force amplitude,Fg, normalized by the elastic force capacity,
F*, is plotted versus the excess entropy harmonic ratioHs, (in both mono-
disperse and bi-disperse experiments). A t of the data suggests a parabolic
relationship (p-value:3.14x10 3, and r2:0.989), corroborating equation 4.2.
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values and lines are predictions of equation 4.3. c) Left and right hand sides
of equation 4.3. Notably, all parameters are measured. The solid diagonal
line (| , slope of 1.0) represents equation 4.3. The slope of the best t to
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Interfacial Stress Rheometer  Sketch of interfacial stress rheometer
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Chapter 1

Introduction

1.1 Introduction and motivation

How does matter manage to ow or deform? We are taught early on that there
are two distinct types of matter that all sub-types fall neatly into: uids and solids.
Fluids are materials that continuously (and noticeably) deform under an applied shear
stress [151, 122]. Life requires uids; humans live within the atmosphere, consume
aqueous solutions, and are composed of a fascinating array of uids [89]. In addition,
a myriad of industrial processes require uids; e.g. generation of electricity from
heated steam [58] and the formation of many industrial products like concrete and
steel [208]. Conversely, solids have been with humans from the dawn of time; we
often, but not always, live on solid ground [101]. In addition, tools are made from
solids such as stone, iron, bronze, and more recently steel and silicone [208]. Indeed,
the built environment is composed of solids: factories, furniture, electronic devices,
and much of the rest of the things we interact with every day. Solids are the opposite
of uids; they will come to rest under an applied shear. When the shear is removed
elasticity returns the solid to the prior state [189].

While this solid- uid juxtaposition is often useful, the fact is everything ows [17];
many materials ow so very slowly that it goes unnoticed in everyday life [56, 68].

The rate of ow depends on the amount of shear stress the material is subjected to.

1



Figure 1.1: Elasticity of many materials relative to their density. Glass has a high
elasticity but yields at low strains. Adapted from [7]

Above an accumulated stress threshold, ow becomes dominant, and elasticity falls
by the wayside. This transition between solid-like and uid-like behavior is called
yield. Yield can occur vanishingly fast, like water owing down a waterfall, or over
extraordinarily long-time frames, such as a hill attening over centuries[56, 68]. Many
engineering applications reside between these time scales: the settling of concrete
foundations [184], the creeping of plastic materials in everyday devices like cars [136],
and the slow warping of load bearing wood within our houses [102, 160]. The length
of time over which yield occurs depends on how quickly stress accumulates and how
much the material can resist that stress. Known as plasticity, yield can also occur
locally within a material, leaving other portions unscathed. Strength and ductility are
both important mechanical properties related to yield. Many materials for instance
display immense strength, but yield at low strain. Other materials have very little

strength, but can deform elastically over vast strains before plasticity sets in. As

2



Figure 1.2: Demonstration of the di erence between crystalline and amorphous ma-
terials. a) Particles within a crystal align in repeating patterns. Particles within a
polycrystal align with their neighbors within grains. Grains have boundaries. Par-
ticles within amorphous packings do not align. b) An example of grains and grain
boundaries within a metallic alloy. Micrograph created by Edward Pleshakov and
generously published on wikimedia [49]. ¢) An example of an amorphous microstruc-
ture formed in a metallic alloy [225].

shown in Figure 1.1, scientists and engineers have characterized the properties of

material classes.

An enormously fruitful pursuit has been the search for ways to tune the bulk
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mechanical response of materials by modifying the underlying micro-structure. Crys-
talline materials, such as steel, ice, diamond, and silicon are a well-known example
[192] that is also useful for introducing some of the ideas investigated in this the-
sis. Within crystals the constituent particles form repeating structures. In practice,
these structures tend not to be perfect. Defects arise that allow for the tuning of the
material properties; some defects resist yield and ductility, while others accommo-
date yield and brittleness. Dislocations, which constitute an abrupt, linear mismatch
within a crystal, accommodate local plasticity and yield on the bulk scale. During
yield, dislocations physically travel through the material. Most other defects tend to
disturb the movement of dislocations and make the material stronger. Boundaries
between crystalline grains ( g. 1.2a&b), where the patterns change orientation, tend
to also impede the transition of dislocations, and make for stronger, yet more brittle
materials [192].

One of the major engineering advances of the 20th century was to use knowledge
of microstructural defects to systematically design the properties of steel [192]. As
liquid steel cools, crystals nucleate throughout. Eventually as they grow, they contact
and form boundaries. Generally, the lower the cooling temperature, the more grains
appear, so that a steel cooled fast will have many small grains and be much stronger,
but more brittle. A steel cooled slowly will have many large grains and be more duc-
tile. The prevalence of grain boundaries impedes the translation of dislocations and
causes brittleness and high strength. By controlling the grain boundaries, strength
and ductility can be traded with each other for particular applications. Crystalline
solids o er an example of the power of understanding the link between microstruc-
ture and bulk mechanical properties. Knowledge about the microstructure of still
other classes of materials, aside from crystals, has also been harnessed for great me-
chanical e ect. Plastic [136] is an example. Another example is brous materials
[102, 160]. There are however materials whose microstructures remain mysterious,
such as amorphous solids.

Amorphous (also called disordered) solids are everywhere; they are found in the
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Figure 1.3: a-d) Example images of amorphous packings ranging in size from tens
of nanometers to centimeters. a) Chalk placed between containment walls and acted
upon by gravity. Image taken by the author. b) An image of sand grains placed in the
public domain on wikimedia [48]. ¢) An image of an interfacial colloidal suspension
[107]. d) A packing of silica nanoparticles coated with alumina [50]. €) A compendium
of amorphous materials and their yield stress plotted against Young's modulus [50].
Approximately, a 3% yield strain is shown to hold across many orders of magnitude.

ground beneath our feet as mud [101]; appear in our roads in the form of concrete
[97]; are present at the beach as sand dunes [12]; they compose the pills in our
medicine cabinets [41]; nally, they even are in our foods [153, 28], such as chocolate
[25]. Amorphous solids are not only ubiquitous, but also comprise an incredibly vast
swath of mass: the total weight of concrete alone is greater than half the total weight
of all known life [64]. Amorphous solids are found over a huge range of length scales,
from the atomic to the granular world [50] (Fig. 1.3). Over at least the last fty
years, vigorous research has been dedicated to trying to systematically design the
bulk response of amorphous solids based on microstructure. In contrast to crystals,
amorphous solids exhibit no repeating pattern ( g. 1.2a&c) within the microstructure.

The lack of crystalline grains means that amorphous solids tend to be stronger than
5



their crystalline counterparts, but they fail at lower deformations. Also, they fail
suddenly and without warning [50]. As a result, if amorphous solids could be designed
systematically, they could be used in applications involving high loads.

There are at least two types of amorphous solid. Disorder can be achieved when
the constituents have a wide range of sizes, making a crystalline pattern impossible
or very unlikely. This variety of disorder is often found in granular materials, such
as sand [74] and other naturally occurring particulates. A second type of disorder
occurs when an amorphous material is very rapidly or haphazardly formed. This
disorder can occur when dumping marbles of the same size into a container. To
use the steel example from above, it can also occur when cooling a liquid extremely
rapidly, such that there is simply no time for crystals to nucleate to appreciable
sizes. Martensitic steel, formed from molten steel in just minutes, is strong but
brittle and nearly amorphous, composed of vanishingly small crystals [192]. Fully
amorphous steel alloys have been achieved recently [129]. Silicate glass is a similar
example [53]. These examples are achieved by fast, random-like formation that leads
to systems with no discernible, geometric patterns. Moreover, each particle nds
itself constrained by its neighbors, so that they cannot slip past each other as easily
as crystalline particles do. Amorphous materials tend to be very strong and very
brittle because there is no mechanism for dislocations. Strength is advantageous, but
in most applications amorphous materials cannot be utilized because brittle failure
is catastrophic. If there was a well understood way to design the microstructure of
amorphous materials, strength could be traded for ductility as is done with crystalline
solids.

Without identi able analogues of dislocations and defects, it is very di cult to de-
sign disordered solids [50]. Scientists have classi ed many potential local microstruc-
tural signatures for yield [185]. There are two categories that each method falls under.
First, are those that classify based only on where particles are relative to each other
as a means of teasing out which particles are more mobile (Shear Transformation

Zone theory)[66, 67]. Second, are those that seek out correlations in particle mo-
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tions to identify particles that are strongly in uenced by each other (Mode Coupling
Theory)[100, 34, 139]. In this way, both implicitly stem from the idea that local
interactions are key to the emergence of plasticity, instead of merely a con gurational
pattern. Both Shear Transformation Zone and Mode Coupling Theory have had suc-
cess in identifying locations within a material where local plasticity occurs [185], but
so far it remains a challenge to identifya-priori, with a snapshot, where those local
events may take place. Designing disordered materials remains di cult.

Here | review recent work on the relationships between a material's constituents,
their interactions, their con gurations, and bulk mechanical response. | discuss re-
cent experiments, simulations, and theory that illuminate the connection between
microstructure and macroscopic response. Finally, | identify challenges that remain
and present my thesis. Herein, | investigate statistical methods for linking system
wide particulate con gurations and kinematics to the bulk mechanical response of

sheared a-thermal materials.

1.2 Background

1.2.1 Suspension rheology and interfacial colloids
Rheology and oscillation

Rheology, the study of complex mechanical behavior, has been investigated for at
least 100 years [22]. Materials with a complex microstructure, such as mud [101],
suspensions[122], polymer melts [136], and foods [28] often exhibit complex mechani-
cal behavior. As a result, apparatuses have been developed to systematically measure
the response of materials to deformations. There is an extraordinarily large set of
possible material responses and a huge number of types of complex materials (see
Figure 1.4). The degree of viscosity and elasticity, as well as shear thinning and shear
thickening (non-linearity of viscosity) can be measured in detail using a rheometer

(Fig. 1.5a) so that materials can be selected for applications. Here | speci cally in-
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