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ABSTRACT

Fracture of architected lattices: Three-dimensional diamond, kagome, and octet
lattices were prepared for validation of a standard compact tension fracture ex-
periment at two different length scales. Solid polymer lattices were written via
two-photon lithography at the microscale, and solid polymer lattices are printed
via digital light processing at the macroscale. Several of the macrolattices were
pyrolyzed into carbon lattices to yield a brittle material for testing. The scaling laws
of fracture toughness with relative density are explored, and this offers one of the

first experimental studies of a fully 3D kagome lattice.

Mechanical properties of solid benzene: We explore the mechanical properties
and deformation of 10 um-sized cuboid-shaped solid benzene crystals made by
freezing directly onto a liquid-nitrogen-cooled sample stage and compressed quasi-
statically to 10% strain at 125 K with an in-situ nanomechanical instrument inside
a Scanning Electron Microscope (SEM). Cryo-Transmission Electron Microscopy
(cryo-TEM) and diffraction of frozen benzene confirms the orthorhombic crystal
structure of benzene. Compressive contact pressure-strain response generated from
load-displacement data suggests the deformation mechanism to occur via densifi-
cation, with a loading modulus of 9 GPa, slightly larger than that of other small
molecules composed of aromatic rings, such as naphthalene and biphenyl. Molecu-
lar dynamics (MD) simulations of experimentally equivalent compressions of 10-30
nm benzene samples of the same crystal structure and geometry along the principal
lattice directions at 10-30 K suggest densification could, initially, occur by local
amorphization of the compressed region. The discovered de-formation mechanism,
stiffness, and strength of benzene at 125 K can inform our understanding of geolog-
ical processes on cold planetary bodies. For example, the surface of Saturn’s moon
Titan 1s teeming with solid organics at an ambient temperature of 95 K; this work
will have significant impact on designing in-situ sampling tools for future missions

to Titan and to substantiate speculative surface compositions.
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Chapter 1

SMALL-SCALE FRACTURE AND ARCHITECTURE

1.1 Levels of architecture

Natural materials

Environmental forces produce evolutionary changes to living organisms in much the
same way that human desire for material progress has lead to changes in our built
environment. Perhaps the main departure came from the human development of the
scientific method [1], which brought about great changes to our world throughout
the Age of Reason. This paradigm shift allowed for the explicit discretization of
problems into their component parts, which enables rapid progress on larger and
more complex projects. The acceleration of technological progress has demonstrated
the effectiveness of such methods [2]. Contrarily, evolutionary changes are not based
on compartmentalization. These changes are only able to be tested in-vivo and in

real time, so cross-correlations are always present.

It seems to me that one could recover the difference between these two manners of
conceptualization of a problem and implementation of a solution by focusing solely
on the final product. Materials and systems that are engineered by humans tend
to be more specialized and perform better at their intended task than those made
naturally. However, these same innovations are not nearly as versatile and adaptable
to new situations as the naturally derived solutions. For instance, our legs permit us
to traverse open land, climb trees, swim in the ocean, etc., while each of these tasks
requires a separate innovation. Cars permit us to quickly and effortlessly traverse
open land, cranes can transport us to the top of a tree, and boats have allowed humans
to spread across the entire globe. Breaking these tasks into independent problems
1S more resource intensive, but problem specificity leads to efficient optimization
of each of those problems that is then limited by the performance of the best
material for that specific job, not the performance of a material that requires great

multifunctionality.

Historically, the discovery and usage of a new material, like stone to bronze to iron,
etc., coincides with a rapid development of tools and technologies, and has been
occurring more rapidly. However, as technologies reach the performance limit of all

known materials, then an approach other than material discovery and development
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must be used. Famous examples such as the impending end of Moore’s Law show
this shift to alternate improvement methodologies nicely. These shifts to a more
systems-centric design space blur the lines between an engineered material and one

derived from incremental natural changes.

Ashby plots provide a great tool for the classification of materials, and within that
classification there are noticeable trends about the correlations between certain ma-
terial parameters. Overcoming competition between negatively correlated material
properties such as elastic modulus and ductility require the design of new materials
that perhaps are composites of different materials that individually perform well
along different axes of the design parameter space in which one is concerned. The
most pressing correlation to be discussed in this dissertation is that of density with
modulus, strength, and toughness. Ashby [3] and others [4] have detailed the ben-
efits of using cellular solids to access the coveted space of low density and high
mechanical performance, which noted that many natural materials like trees and

bone have already realized the utility of such attributes.

Improving our characterization techniques for experimentally studying architechted
lattices will enable a new suite of problems that can effectively be discretized.
Improvements in additive manufacturing techniques allow the fabrication of lattices
that can act as [5] a fertile testing ground for modeling other complex hierarchical

systems and making improvements in their own right.

Lattices

Much effort to model these structures has been done in the literature [6]—[8], and
for sufficiently low relative densities there are a variety of models that predict the
mechanical response satisfactorily. Timoshenko and Euler-Bernoulli beam models
are predominately utilized, and both show good agreement with finite element
simulations when the relative density is very low. Analytical descriptions of some
architectures have been described for a lattice consisting of beams held together by
pin joints [7], and again these match modeling efforts at low relative density. This
trend suggests that the lattices of higher relative density no longer behave as if the
nodes are pin joints. Intuitively, this departure makes sense as the nodes become

much thicker, and therefore stiffer, than the beams as the relative density is increased.

Broad differences in the mechanical response of lattice architectures can be describe
by the connectivity of their beams. Maxwell offered a rule to determine the rigidity

of a structure made out of beams and pin joints [9], which can be written generally
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(a) Diamond (b) Kagome (c) Octet

Figure 1.1: Computer aided drawings (CAD) of the unit cells used throughout this
dissertation shown in various renderings.

for 3-Dimensions (3D) as [10]:
1 39,6=B < (1.1)

with 1 representing the number of beams, 9 the number of frictionless pin joints,
B the number of states of self stress, and < the number of mechanisms of self
stress. This necessary, but insufficient rule for determining the rigidity of a given
architecture suggests that there might be some transition in behavior across this
threshold. Considering the connectivity of a lattice (/), the number of beams and

joints can be related by Equation 1.2.

(1.2)

NN

Showing that a 3D lattice with /  6is periodically rigid, and a lattice with /  61is
bending-dominated. Interestingly, it seems that in 3D space-filling polyhedra, which
are typically used for modeling the behavior of foams, do not form periodically rigid

architectures [6].

Using the Maxwell condition, three lattice architectures were chosen for investiga-
tion. The diamond (/ = 4), kagome (/ = 6), and octet (/ = 12) architectures
are shown below in Figure 1.1. The octet and diamond architectures were chosen
to represent the familiar stretching and bending dominated, respectively, cases for
lattices. Kagome is of particular interest as both the 2D and 3D lattices are right
on the edge of these two regimes. Very little has been done with this architecture
in 3D [11], but it has been predicted to have a very high fracture toughness for low

relative densities in 2D due to inherent crack blunting mechanisms [12].
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Responses to various mechanical stimulii

Many mechanical properties are dependent upon the strain rate at which they were
measured. Architected materials are no different as has been observed in bone
[13], and occupation of the otherwise void-space of the low-density and high-
strength Ashby plot makes these lattice materials strong candidates for applications
in aerospace. Shielding for satellites and other space vehicles has been considered
as these materials provide the opportunity to break up incoming particles, thus
redistributing the load imparted by these impacts over a larger surface area. The
micrometeorite impacts have been simulated by laser-induced particle impact tests
(LIPIT) at the Nelson group in MIT. Large IPDIP (IP-DIP is a proprietary negative-
tone resin from Nanoscribe developed for Dip-in Laser Lithography (DiLL).) lattices
were made out of 9 piezo-stitched blocks on top of printed springs. These samples
were then pyrolyzed, and then we traveled to MIT to impact these lattices with
14- “m silica particles. The springs allow the sample to shrink during the pyrolysis
with minimal shear strains coming from attachment to the substrate. Figure 1.2
shows these samples as-printed, impacted, and FIB milled to show the cross-section

of the impact site.

Unlike material properties, mathematical models do scale with the size of the system,
so the same descriptions used for planetary impacts describe the behavior of these
microscopic particle impacts on the lattices. The energy from the impact can be
correlated with the zone of accumulated damage observed in the lattice to understand
how the lattice responds to this type of mechanical stimulus. A full description of

this work is in preparation under the lead of my colleague Prof. C. M. Portela.

1.2 Small-scale fracture techniques

Experimentally, fracture mechanics is guided by standard testing frameworks to
ensure validity and comparability across laboratories and material systems. Many
of these standards are kept by ASTM Internationall. These standards provide useful
values for many situations, but there is always a minimum sample size. With the
advent of smaller and smaller technologies, many of the devices that are designed
are now requiring feature sizes below these minimum testable sample sizes. It is
known that bulk properties do not always scale proportionally with sample size (e.g.
"smaller is stronger" [14] and the Hall-Petch relationship [15]).

1ASTM used to be an acronym for American Society for Testing and Materials, but is now an
international organization, so that acronym is no longer used.
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(c) Pyrolyzed and impacted lattice

(d) Cross-section of impact site and embedded particle

Figure 1.2: Brief overview of the process used to study lattices with LIPIT.
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Indentation techniques have been proposed and gained some traction based on their
ease of sample preparation and conduction [16], [17], but the accuracy typically re-
ported is very low as it is difficult to ensure that the underlying assumptions are held
[18]. Several other methods based on some sort of cantilever geometry have also
found widespread use [19]-[22], again due to relative ease of sample preparation,
but again there are concerns, albeit smaller, about the validity of such tests. Studying
fracture as the size of the samples become on the order of, and smaller than, the
plastic zone is difficult as the problem becomes nonlinear. When the samples be-
come so small such that there are only a few thousand atoms in total, then atomistic
simulations are able to provide insight to behavior demonstrated experimentally.
However, there are not yet well-accepted solutions to characterizing materials in
this mesoscale. The need for ever-shrinking devices has pushed many design pa-
rameters into this regime, so it is important to characterize materials appropriately.
Overcoming the analytical understanding is its own issue, but experimentally the
field should be doing everything possible to minimize confounding variables in these
new testing configurations. The three-point SENB design (detailed in the following
section) is more cumbersome in terms of sample preparation, but it was developed
to create a symmetric stress field and allows for the testing of samples produced by
a variety of techniques. There could certainly be more work done to enable this
technique for lattices, but our motion to an alternative geometry was encouraged
by the ease of increasing the separation of scales we can produce with our current

laboratory fabrication techniques.

1.3 Ideation of compact tension lattice specimen

Much of the inspiration and guidance for sample geometry came from [23].

Small-scale fracture of homogeneous materials

Part 1 is focused on my efforts to progress the understanding of the fracture behavior
of lattices. Chronologically the beginning of my work in the Greer group began with
understanding fracture of homogeneous materials in the 3-point bending geometry.
This undertaking was done as a proof of concept that an ASTM standard testing
procedure could successfully be scaled down to the micron scale. This would both
improve upon the various cantilever geometries that dominate the field of small-
scale fracture to further the understanding of materials with microstructural features

that can only be isolated at these scales.

These experiments were done by making a testing stage out of a chip from a silicon
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wafer. A mask is patterned onto the silicon chip, as seen in Figure 1.7a, with alumina
or IPDIP, and then etched to remove several microns of the unprotected silicon. The

masks are then developing away, and the testing fixture is ready for use.

Single-edge notched beams (SENB) specimen of a variety of material classes were
then fabricated and placed upon these testing fixtures before loading to failure in
an in-situ indenter fixed with a diamond wedge-tip. Silicon beams were used to
represent ceramics, and were made by a similar masking and etching process that
was used to make the stage followed by a liftout with the assistance of gallium-ion
focused ion beam (FIB) milling. Liftout involves placing a sharp tungsten needle
onto the surface of the sample to be lifted out, attaching the needle to the sample
by deposition of a layer of platinum, milling away the remaining portion of the
specimen still connected to the larger bulk sample of material, and then moving
the stage of the microscope such that the desired location to set the sample down
is now underneath the needle. The sample is then carefully lowered until coming
into contact with this new location, in this case the testing fixture in Figure 1.7a
consisting of three raised silicon beams, and platinum is deposited on a spot where
the sample is contacting the outermost silicon beam. The FIB is then used to mill
away the platinum and a portion of the needle until the needle is no longer in contact
with the the SENB sample. The needle is then moved to hold the sample down by
lightly making contact with the middle of the SENB sample. This is necessary to
prevent the movement of the SENB sample while milling away the portion of the
sample in contact with, and hosting a shared layer of deposited platinum, with the
outermost silicon beam. The FIB is then used to mill away this described region,
and the tungsten needle is retracted. Now a SENB sample of arbitrary material that
is resting on a testing stage of two silicon beams that will act as the lower loading
rollers. The SENB sample is held in place by electrostatic forces that dominate
at such length scales, so complications of contact between the SENB sample and

testing fixture are minimized.

Fused silica SENB samples were also made as a glassy ceramic representative, and
these samples were made by FIB milling and performing liftout from a bulk piece

of fused silica.

IPDIP beams were used to represent polymer materials, and these were made by
writing directly in place by aligning etched silicon testing fixtures as the substrate for
writing in the Nanoscribe. Large anchors were printed on either side of the SENB

IPDIP specimen to minimize drift in the resin while printing this relatively long
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(a) Masked silicon chip

(c) Fractured silicon SENB specimen

Figure 1.3: Silicon testing fixture with representative samples.
overhang. These must be FIB milled away, and the resulting trenches are visible in
Figure 1.7b.

Copper SENB specimen were made by electroplating into a mask patterned on a
silicon substrate with rectangular holes, developing the mask off of the substrate,

and then performing liftout on each sample.

10
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These test materials allowed for the vetting of this experimental process for further
understanding of the hierarchical strengthening mechanisms present in human bone.
The results of this study lead by Dr. O. A. Tertuliano, which ended up mainly being
about bone, are under review for publication in Bioinspiration and Biomimetics.

Lattices

Lattices are another interesting material that have much to be studied and charac-
terized in terms of their fracture mechanics, especially experimentally. A constant
challenge with these materials is finding a manufacturing technique that permits
sufficient separation of scales between minimum feature size and feasible printable
volume. The larger this separation, the more unit cells that can be made per feature
size of a sample, which allows more flexibility in terms of parameters to be studied.
There are many parameters to change in these systems, which allows the mimicry
of many other systems such as hierarchical toughening mechanics as seen in natural

materials, and microstructural features of crystals [5].

Knowing that material properties are at times dependent upon sample size, we
thought that studying lattices of varying dimension would be a good demonstration
of the SENB bending technique. Two-photon lithography and digital light pro-
cessing (DLP) were chosen as manufacturing techniques to produce microscale and

macroscale samples of architected lattices.

Macrolattices 2

The larger lattices were produced via DLP in an Ember 3D printer from Autodesk.
Their commercial PR-48 resin was used for the polymer samples, and carbon samples
were made by pyrolysis of these lattices in a tube furnace from MTI Corporation.
The polymers were printed three at a time to 12.5 cm in length (shown in Figure
1.4), the maximal build length. Some of these were pyrolyzed under a vacuum
better than 50 mTorr up to 1200°C in an alumina tube for one hour with a ramp rate
of 10per minute and 90 minute holds at 300°C and 500°C. This resulted in a linear
shrinkage of around 38%, and a representative resulting carbon sample is visible
in Figure 1.6. Each of these types of lattices were loaded to failure using 4-point
self-articulating flextural setup in an Instron while being recorded with an optical

camera.

2The macrolattice work was done with the help of Sophie Howell, a S.U.R.F. student from
Caltech.

11
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Figure 1.4: As-printed PR-48 SENB sample.
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Figure 1.5: Pyrolysis temperature profile.
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Figure 1.6: Carbon SENB sample after pyrolysis.

The properties of the printed polymer were found to vary within each lattice. The
printed window degrades over repeated exposure, and was totally unusable after
printing only 3 lattices in one part of the window. This meant that a variable exposure
time has to be added in hopes of keeping the polymerization extent consistent
throughout one sample, but the degradation also leads to a reduction in lateral
resolution, so this is an outstanding problem for this sample fabrication process. A
post printing UV-curing was attempted in hopes of equalizing the extent of reaction

throughout each sample, but this seemed to have little effect on the final samples.

The notch tends to not be symmetric in these samples as the printing orientation
would require a significant overhang to print one side of this notch. The more
angled side of the notch comes from the latter half of the sample printed for the octet
samples. For the kagome samples, this asymmetry was introduced intentionally
along the angle of the beams in hopes of eliminating overhangs entirely. This
worked pretty well. There was no observed trend of crack propagation favoring
deflection to either side of the lattice, so the impact of these notch shapes is assumed

to be negligible.

The pyrolysis proved to be far from consistent. Samples frequently were severely
warped after removing from the furnace. Perhaps this warping occurred as a result
of some states of self-stress, or a gradient of material properties through the sample

due to the changing of light intensity during the printing process. The pressure level

13
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is not monitored throughout each pyrolysis, so a curve of the outgassing is not know.
Although, pressure on the order of tens of Torr was observed on multiple occassions
during the ramping, and the flow through the tube is not mapped, so perhaps this

variability came from atmospheric conditions.

Despite the low processing yield, there were some samples that seemed suitable for
bending, so they were quasi-statically loaded to failure. Before and after images of

two of these samples are shown in Figure 1.11.

It was found that a 4-point, as opposed to a 3-point, flexural stage was necessary
to reduce the contact stresses enough to avoid excessive local failure of the beams
at these contact points. The polymer lattices displayed stable crack growth during
testing. The carbon lattices let out high-pitched pinging noises and visible debris
during their loading. Some of them broke in a catastrophic brittle manner, and
some displayed stable crack extension before brittle failure. Shown in Figure 1.8

are characteristic load-displacement signatures of these samples.

The polymer samples displayed a smooth linear loading region up until crack exten-
sion and failure. The stiffness was relatively consistent across samples. The loading
frame does not have a ton of room for deflection clearance, so the lower relative

density samples tended to make contact before failure.

The large toe-region in the carbon data is characteristic of problem coming from the
settling of the samples into the loading pins. These samples are a few millimeters
under the required width for this size testing geometry, and the beams are quite
brittle, so these factors tended to lead to poor contact at the beginning of loading.
The subsequent linear loading region occurs until the first beam failure around the
notch tip, and then there were typically a few of these linear regions split between
drops in load occurring due to beam failures until the rest of the sample broke in a

brittle manner.

Fracture surfaces were inspected with SEM imaging, and some interesting disrup-
tions of brittle fracture were observed within individual beams and nodes of these
carbon samples. Figure 1.9 shows the fracture surface of a node right at the crack
tip of a kagome lattice. It is hard to draw any conclusions about these data without

a clearer picture of the mechanical characteristics of these materials.

Insufficient data was collected for a meaningful analysis of materials tested in this
manner. Preliminary results suggest that the critical stress intensity factor for 15%

relative density carbon lattices to be around 411 kNpZ for an octet architecture or
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(b) Carbon SENB specimen.

Figure 1.7: Macroarchitected lattices in a 4-point bend Instron setup before and
after failure.
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Figure 1.8: Typical load-displacement signatures from macroarchitected lattices

loaded to failure in a 4-point bend Instron test fixture.
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Figure 1.9: Fracture surface of a node in a kagome carbon lattice.

266 kNpZ for a kagome architecture, and around 190 kNpZ for an octet polymer
lattice of 26% relative density or 822 kNpZ for an octet carbon lattice of 26%

relative density.

The imaging algorithm to be used later was first started in an attempt to track the
progress of the crack optically. The notch was first found by taking horizontal
averages of pixel values and detecting the change at the notch (became brighter
for the carbon samples and darker for the polymer samples). This region was then
cropped from the image and a standard edge detection package was called upon in
Python. The peak of edges detected toward the bottom of the sample was split in half
vertically and each side was linearly fit. These linear fits represent the bottom edge
of the lattice. The image is then cropped again to focus on just one edge of the notch,
and any current crack extension. This cropped portion is converted to grayscale and
progressively larger areas of pixel averages are taken to remove focus from any
beams dangling within the cracked region. Now, looping across the vertical lines
of the image, the lowest point with change from lattice to background brightness
intensity is recorded. These points are linearly fit and used as the notch/crack
edges. The same is done for the other side of the notch. Now, using these linear
fits, the crack tip opening displacement (CTOD) and crack tip are recorded as the
intersection of these lines. A samples frame is shown in Figure 1.10. This method
seems to work relatively well, but is too manually intensive to be useful for a large

number of samples, so improvements are necessary.

17






