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Abstract

We present a new approach for studying the uniaxial compressive behavior of colloidal
micropillars as a function of the initial defect population, pillar and colloid dimension, and
particle-particle interaction. Pillars composed of nanometer scale particles develop cracks during
drying, while pillars composed of micron scale particles dry crack-free. We subject the free-
standing pillars, with diameters of 580 um and 900 pm, to uniaxial compression experiments
using a custom-built micromechanical testing apparatus. In pillars with pre-existing cracks,
compression activates the macroscopic defects, leading to fracture and stochastic mechanical
response as a result of the flaw distribution. Pillars that dry crack-free fail by shear bands that
initiate near the punch face. While macroscopically identical, pillar-to-pillar mechanical response
varies significantly. We attribute the disparate response to varying structure and environmental
conditions. To isolate the effects of environment, we performed controlled experiments over a
range of relative humidity levels (<2% to >98% RH). The level of atmospheric humidity affects
particle-particle cohesion and friction, resulting in dramatically different mechanical response.
We discuss the results in the context of underlying particle rearrangements leading to
mesoscopic shear localization and examine comparisons with atomic disordered systems such as

metallic glasses.
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1. Introduction

Model systems of bubbles, colloids, and grains have played crucial roles in guiding and
confirming our understanding of atomic solids. Two well-known examples are the bubble raft
experiments of Bragg and Nye [1, 2], which were a powerful tool in refining theories of defects
in the mechanical behavior of metals, and the colloidal silica systems of Schall, Weitz, and
Spaepen, which provided direct visualization of particle-scale rearrangements in sheared
amorphous solids [3]. Even though care must be taken when comparing the behavior of atomic
systems to model analogs, model systems possess two experimental advantages in comparison to
atomic systems in 1) the ability to resolve the real-space positions of individual particles and 2)
the ability to alter particle-particle interactions.

In atomic solids, microscopic structure and dynamics are typically deduced from
ensemble-averaged quantities obtained from scattering experiments [4]. Therefore, linking the
macroscopic response of an atomic system to particle-scale events is a formidable challenge.
Model systems, however, allow for the determination of the real-space positions of individual
particles. For two-dimensional systems, a simple camera or optical microscope is often
sufficient for collecting position information. Three-dimensional systems, which are often
desirable for exploring bulk properties of solids, may require more complex techniques. In
recent years, full structural determination of three-dimensional systems of colloids and grains has
been achieved using techniques such as confocal microscopy, magnetic resonance imaging, and
x-ray tomography [5, 6, 7, 8, 9, 10]. When perturbed by external stimuli such as boundary
displacements or magnetic fields, the macroscopic response of the system may be directly
correlated with microscopic structure and dynamics. This particle-scale resolution is often

critical in understanding the macroscopic system response.
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In addition to full real-space structure determination, model systems also allow for the
manipulation of particle-particle interactions. The parameters that are altered to change the
interactions depend on the nature of the constituent particles and their environment. For
example, in a suspension of colloidal poly(methyl methacrylate) (PMMA) particles, Yethiraj and
van Blaaderen adjusted the repulsive interaction distance and bond directionality by altering the
salt content and the strength of an external electric field, respectively [11]. In systems of larger
granular particles, the moisture content of the structure affects particle-particle cohesion and
friction. Frye and Marone found that the surface chemistry of grains and the environmental
humidity significantly affected the shear response of a confined granular system [12]. Taken as a
whole, the nature of interparticle interactions can be tailored, resulting in a diverse set of
applicable analog atomic materials.

In this article we present a new model system designed to provide insight into the plastic
deformation of amorphous solids — solids that lack long-range translational symmetry. Plasticity
in amorphous solids cannot be described by the well-defined structure and dynamics of the
defects found in crystalline materials [13]. It is known that shear banding, or the concentration
of plastic flow in a narrow band of material, is a common deformation mode in amorphous solids
found with surprising ubiquity irrespective of the underlying characteristic (particle) length scale
comprising the solid. For example, bulk metallic glasses (BMGs) [14], disordered nanoparticle
assemblies [15], amorphous bubble rafts [16], and soils [17] are all known to exhibit shear bands.
Shear banding is the result of local softening that promotes strongly heterogeneous deformation.
Argon proposed the shear transformation zone (STZ), envisaged as a dilatory, shear-induced
rearrangement of ~100 particles, as the fundamental plastic mechanism responsible for local

softening [18]. In atomic systems, STZ operation is believed to result in a long-range elastic
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strain field that promotes subsequent STZ operation and local softening owing to the dilatory
nature of the event. At a critical level of softening, this local region becomes unstable, and
macroscopic shear bands result. Falk and Langer extended Argon’s STZ mechanism into a
theory that successfully describes many responses observed in both amorphous atomic [13, 19]
and colloidal/granular systems [20]. However, direct observation of STZ operation in atomic
systems remains challenging, although some recent experiments demonstrate remarkable
progress in this endeavor [21]. Even more challenging than imaging local atomic
rearrangements is capturing the dynamics that occur between a local rearrangement and shear
band propagation. Furthermore, recent experiments and theory suggest that the external
dimensions of atomic glasses control the mode of plastic deformation, with submicron specimens
behaving in a ductile-like fashion relative to their bulk counterparts [22, 23]. Whether extrinsic
or intrinsic effects govern this apparent transition is still a matter of debate; however, the plastic
behavior would be expected to change when the length scales approach the STZ size. We believe
that model systems have the potential to add fundamental insight to these problems.

In this work, we report on the preparation and uniaxial compression of colloidal
micropillars with diameters of 580 and 900 pm. To the best of our knowledge, the small
constituent colloid size in these micropillars makes them unique in comparison to other dry
colloidal/granular systems reported in literature. The small colloid size results in a large ratio of
the cohesive particle-particle force to the gravitational body force on each particle. A simple
approximation of this ratio for a pair of 6 pum polystyrene spheres bound by a water bridge gives
a value of ~10" [24, see calculation in Supporting Information], which is ~100x the ratio found
for millimeter scale grains [25]. Therefore, the micropillars are able to withstand a significant

bending moment without collapsing and can be made free-standing. Free-standing pillars allow
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for uniaxial compression experiments to be performed without confining the pillar surfaces,
allowing us to explore the effects of free surfaces on deformation behavior. We note that the
confining pressure necessary in experiments on packings of larger granular particles, which is
known to affect the strength, failure morphology, and dilatancy observed [26], is not required in
our experiments. The extent of free surface in the micropillar geometry is unique in comparison
to other colloidal deformation experiments such as the indentation experiments of Rahmani [27],
the 3-D simple shear experiments of Chikkadi [28], and the 2-D shear experiments of Keim [29].
While not studied exhaustively in this report, the micropillars may assist in elucidating the effect

of free surfaces on shear band nucleation and the intrinsic strength of amorphous solids.

2. Methods

2.1. Materials

Spherical SiO; particles with an average diameter of 85 nm (30-31 wt% suspension in
isopropanol, particle sizes ranging between 70 nm and 100 nm) is generously provided by Nissan
Chemical America Corporation. Spherical SiO, nanoparticles with an average diameter of 250
nm and a standard deviation <10% are purchased from Fiber Optic Center, Inc. Polystyrene (PS)
spheres with diameters of 3.004 + 0.065 um (2.64% solid-latex) and 6.15 £ 0.188 um (10%
solids) are purchased from Polyscience, Inc. and Bangs Laboratories, Inc., respectively. Standard
glass capillaries with inner diameter (ID) of 580 um and outer diameter (OD) of 1,000 um are
purchased from World Precision Instruments, Inc. Borosilicate glass capillaries with an ID of

900 pm and an OD of 1,000 um are purchased from Produstrial LLC.
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2.2. Micropillar Fabrication

The as-purchased glass capillaries are cut into shorter pieces with a length of 4 cm using a
glass cutter. The two ends of each capillary are polished using a polishing wheel and 6 pm
diamond-impregnated polymer film to make the cross-sectional region of the capillary flat and
smooth. The polished capillaries are cleaned with isopropanol to remove the impurities
introduced during the polishing process. The micropillar fabrication procedure is shown in
Figure 1. To prevent the adhesion of colloidal particles to the inner walls of capillaries during the
drying process, the empty capillaries are silanized with octadecyltrichlorosilane (OTS) in toluene

to render the inner surface hydrophobic (Figure 1a and b).

-’

capillary filled
with colloidal
particle suspension
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drying
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with OTS

Figure 1: Procedure for forming colloidal micropillars in capillary tube. a) An empty capillary
tube is first b) silanized with OTS to make the inner surface hydrophobic. The capillary is ¢)
filled with a suspension containing colloidal particles. After drying, a d) dense pillar remains.
Note that pillars are filled (steps a — ¢) in the vertical position (as shown), while placed
horizontally during drying (step d).

A 25 wt% 250 nm SiO, aqueous suspension is prepared for the micropillar fabrication.
The as-received 85 nm SiO; and 6.15 pm PS suspensions are concentrated using a centrifuge at
1000 rpm for 10 min by removing a significant amount of the supernatant. The SiO; or PS
colloidal particle suspension is subsequently injected into the capillaries using a disposable
syringe. The open end of the syringe is fitted with a 304 stainless steel and

polytetrafluoroethylene (PTFE) dispensing needle and plastic tubing to help direct the
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suspension flow into the capillaries (Figure 1c). The capillary filled with a suspension
containing colloidal particles is placed horizontally at room temperature and allowed to dry. The
drying process typically takes 3 days. After the water in the capillary has completely evaporated,
a dense micropillar is formed toward one side of the capillary (Figure 1d). The procedure for
creating a free-standing pillar suitable for compression experiments from a confined pillar is

described in Section 2.3.

a)

1/d

D
Figure 2: a) Both the capillary diameter, D, and the colloid diameter, d, may be varied. b) A
580 um pillar composed of ¢) 85 nm SiO; particles and a d) 580 pum pillar composed of e) 250
nm SiO; particles.

While not systematically explored in this work, the structure of the micropillars may be
varied by changing the capillary diameter, D, and the colloidal particle diameter, d (Figure 2a).
We find that pillars composed of small SiO, particles develop cracks during drying (Figure 3a
and b), while pillars composed of 6.15 um or a bidisperse mixture of 3 and 6.15 um PS spheres
(hereafter referred to as 3/6 pm) (Figure 3c) do not. This result, presented as a map in Figure 3d,

is consistent with previous observations on the effect of colloid size on crack formation in drying
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colloidal thin-films [30, 31]. Pillars composed of 6.15 um PS show crystallization due to the
small polydispersity. To avoid the crystallization of PS monodisperse particles, we prepare a
bidisperse suspension by mixing the 3 um PS suspension and 6.15 um PS suspension with a
volume ratio of 3.78 [32]. The amorphous structure is confirmed from SEM micrographs (see

Figure 4).

d)
1 1 1 1
1 O O SiO,, monodisperse, cracked
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Figure 3: 580 um diameter pillars composed of a) 85 nm SiO; spheres, b) 250 nm SiO; spheres,
and ¢) a mixture of 3 and 6 um PS spheres. Black arrows indicate cracks that developed in the
pillars during the drying process. Scale bar is the same for each frame. The inset in frame b
shows a contrast-enhanced region of pre-cracks. d) Pillars composed of larger particles show no
evidence of the cracking observed in the pillars composed of smaller particles. Pillars composed
of SiO; particles are indicated by red markers. Pillars composed of PS particles are indicated by
blue markers. Squares denote pillars composed of monodisperse particles and triangles denote
pillars composed of bidisperse particles. Open symbols indicated pillars that form with cracks
and filled symbols indicate pillars that form crack-free.
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Figure 4: SEM micrograph of the surface of a deformed 900 um diameter pillar composed of 3
and 6 um polystyrene spheres.
2.3 Compression Experiments

Uniaxial compression experiments are performed to probe the plastic response and
fracture properties of the micropillars. Sample geometry is known to affect the deformation
mode observed in compression experiments [33]. To promote shearing, as opposed to buckling
or barreling, the aspect ratio of the micropillars (I, /D, where [, is the exposed pillar length and
D is the pillar diameter) is maintained at values between ~2.2 and ~2.6. The small size and
fragility of the micropillars make preparing and securing samples for compression experiments
non-trivial. To assist in this process, a custom grip has been designed (see Figure 5a). A
polished steel wire is inserted into the capillary and brought into contact with the pillar. The

smooth wire face ensures uniform contact between the wire and pillar and aids in preserving the
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initial pillar structure. The length of the wire is adjusted so that several centimeters remain
exposed from the capillary after contact with the pillar is made. The capillary/wire assembly is
secured to the grip using a clamp (see Figure 5b) and the exposed face of the wire is brought into
contact with a finely-threaded drive screw. Driving the screw pushes the pillar through the
capillary and allows for precise control of the length of the exposed pillar that emerges from the
opposite end. The wire also serves to backstop the pillar during the compression experiment.
The jammed configuration of particles within the capillaries provides a relatively rigid constraint
during compression testing of the exposed pillar.

Once the capillary is secured to the grip, the grip is attached to a load cell (GSO Series -
Transducer Techniques, 0-100 mN, 0-1 N, and 0-10 N force ranges) so that the transmitted force
may be recorded. A groove machined in the grip ensures axial alignment of the capillary and the
load cell axis. The load cell is mounted to a combined translation/rotation stage (see Figure 5a).
A piezoelectric actuator (P-212 Series, Physik Instrumente, 0-60 um and 0-120 pm actuation
ranges) is secured to a second translation/rotation stage opposite from the load cell. The stages
allow for precise alignment of the actuator and load cell to ensure that the direction of
compression is aligned with the pillar axis. A silicon wafer fixed to the end of the actuator is
used as a punch, which is treated with OTS to minimize friction and adhesion with the pillar
face. The presence of friction at the punch/specimen interface has been shown to suppress
shearing modes by confining the sample laterally [33, 34, 35]. Determination of the in-pillar
displacement (4l = [, — I, where [, is the initial pillar length and the sign convention is adopted
to give positive values in compression) is made using the absolute displacement of the punch and

the measured stiffness of each load cell.

10
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Figure 5: a) The custom grip. A wire with the same diameter as the capillary is used to push the
pillar out of the capillary. A finely-threaded drive screw allows for precise control of the
exposed pillar length. b) Compression testing apparatus for colloidal micropillars. The capillary
is secured to a custom grip using a clamp and the grip is fixed to a load cell. A displacement is
generated using a silanized silicon punch attached to a piezoelectric actuator. The setup may be
operated in the field-of-view of both optical and laser confocal microscopes to observe the pillar
deformation during compression. Inset: an exposed pillar, scale bar 500 um.

The micropillars do not dry with a flat surface, and uneven contact between the punch
and the pillar face results in large local stresses and crumbling at the pillar face. To minimize
this effect, the pillar faces are formed prior to compression by extruding a small length of pillar
(~20 um for a 580 pm diameter pillar) and flattening the exposed pillar with the punch.

Remnant particles are removed with compressed air, and the pillar is then extruded to the desired
length.

The compression testing apparatus is positioned in the focal plane of an optical or laser
scanning confocal microscope (reflectance mode, A = 639 nm). The actuator is driven at a
constant displacement rate between 0.1 and 1 pm/s to a specified maximum displacement. The
actuation direction is reversed to complete a full compression cycle. Force measurements are

acquired throughout the cycle, which yields information about the loading and unloading

11
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stiffnesses and strengths of the pillars. Digital images collected during compression allow for
correlation of measurements of mechanical response with macroscopic events such as crack
propagation or shear band propagation. Fluctuations in reflected intensity are visible for
particles larger than ~5 um at magnifications as low as 50x. These particles provide substantial
natural image contrast that allows for the determination of surface displacement and strain from
digital image correlation of a series of images [36, 37, 38]. Full-field strain maps of the pillar
surface are calculated from the spatial gradients of the displacement fields. The image sequences

also allow for the correlation of any pillar slip within the capillary tube to recorded load drops.

3. Results and Discussion

In situ micrographs and the mechanical response from a representative compression
experiment of a 580 pm diameter pillar composed of 85 nm SiO, spheres are shown in Figure 6.
These pillars dry with a significant population of macroscopic cracks and the distribution of
these defects governs deformation behavior. The force-displacement response may be partitioned
into initial stiffening from A4l/1, = 0-0.005, linear response from 4l/l,~ 0.005-0.010, and
subsequent series of crack opening and propagation. Stiffening results from non-uniform contact
between the pillar face and punch, which is mitigated in subsequent experiments by conditioning
the pillar face according to the procedure outlined in Section 2.3. Therefore, the initial stiffening
observed in this experiment should be regarded as an artifact of non-constant contact. Once the
pillar-punch contact area becomes approximately constant, force increases linearly with 41/1,.
No changes in the geometry of the cracks are observed during the stiffening and linear
compression phases. The transition from linear to non-linear force response correlates with the

opening of a crack near the punch face. During opening, the crack separates along the direction

12
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of maximum tensile stress (perpendicular to the direction of compression) while the crack tip
remains fixed. The crack remains stable (no observable tip movement) up to point b (normalized
force, F/A,, of 235 kPa), after which it propagates along a direction approximately parallel to
the direction of compression. Crack propagation correlates with the first force drop at point c.
The sequence of crack opening and propagation continues as 41/, is increased further (see
Figure 6d and e). Interestingly, the peak force occurs after pre-existing cracks have propagated,
presumably because of the deformation-induced densification of the heavily flawed pillar.

The behavior of a 580 um diameter pillar composed of larger 250 nm SiO; spheres,
which also forms with pre-existing macroscopic cracks, shows similar crack evolution during
loading (see Figure 7). The face of the pillar was conditioned prior to compression and thus no
initial stiffening is observed. Linear force response is observed up to 41/1, = 0.015 after which a
crack propagates down the pillar axis, resulting in a relatively large load drop. In contrast to the
85 nm SiO; pillar, no crack opening is observed prior to crack propagation, which occurs
initially at a force of ~34 mN (normalized force, F /A,, of 123 kPa). The first active crack in the
250 nm SiO; pillar propagates the full length of the pillar axis. Therefore, the load-bearing
ability of the pillar is greatly reduced, and subsequent displacement fails to produce forces more
than ~1/2 of that required to activate the first crack. By comparison, the first active crack in the
85 nm SiO; pillar propagated ~1/2 of the pillar length, and subsequent displacement generated

forces larger than the force required to activate the first crack.

13
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Figure 6: A compression experiment on a 580 um diameter pillar composed of 85 nm SiO,
spheres. The red dots in frame f correspond to the micrographs. The pillar behaves quasi-
elastically (loading stiffness = 26.0 MPa, dashed line to denote linear response) up to point a,
after which one of the cracks slowly opens (see frame b). The crack, highlighted by the black
arrows in frame ¢, becomes unstable and propagates down the axis. This event corresponds to
the first sudden load drop (see frame f). Subsequent loading opens and activates other cracks
(frames d and e). The arrows in frame e indicate the crack corresponding to the load drop
between frames d and e.

The compression experiments discussed are representative of the response observed in 12
85 nm pillars and 16 250 nm SiO; pillars. Collectively, we observe that the pillars composed of
85 nm and 250 nm SiO, dry with a large population of cracks, which ultimately dominate the
mechanical response in comparison to the particle-level interactions. Similar to fracture
processes observed in brittle solids, the yield force and peak force of our pre-cracked pillars are
governed by the initial flaw population and its evolution during compression [39]. The force
required for crack growth and propagation depends on the crack geometry (orientation and size)
and particle-particle cohesion. While pillars with large populations of cracks are potentially
interesting for fracture mechanics investigations, they are not suitable for probing shear banding

behavior as the forces required to activate the cracks are less than the force required to nucleate

14
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shear bands. Thus, we next turn our attention to pillars synthesized with no apparent pre-existing

flaws.

Figure 7: A compression experiment on a 580 um diameter pillar composed of 250 nm SiO,
spheres. The red dots in frame f correspond to the micrographs. The pillar behaves quasi-
elastically (loading stiffness = 7.1 MPa, dashed line to denote linear response) up to point a. A
crack that formed during the drying process, highlighted by the arrows in frames a and b,
becomes unstable during loading and propagates down the pillar axis (frame b). Subsequent
loading opens this crack and activates other cracks (frames ¢, d and e).

Pillars composed of a bidisperse mixture of 3/6 pm polystyrene spheres dry without
cracking, and the deformation mode observed in these pillars is different from the crack
opening/propagation found in pillars composed of smaller particles. As mentioned in Section
2.2, a bidisperse colloid size mixture is used to suppress crystallization and the resulting
amorphous structure is confirmed from micrographs of the surface (Figure 4). Micrographs and

the mechanical response from a representative compression experiment of a 580 um diameter

pillar composed of 3 and 6 um polystyrene spheres are shown in Figure 8.
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Figure 8: Optical micrographs acquired during compression of a 580 um diameter pillar
composed of 3 and 6 pm polystyrene spheres. The punch is located at the top face of the pillar
and actuates downward. The inset at the lower right shows the mechanical response (loading
stiffness = 2.3 MPa, dashed line to denote linear response). At the point marked b, a shear band
begins to form. The mature shear band is indicated in frames ¢ and d.

Upon initial loading, force increases approximately linearly with Al/l, and the strain
throughout the pillar is relatively uniform with only a slight enhancement of compressive strain
near the punch (see Figure 8a and b and Figure 9a, b, ¢ and d). As A4l/l, increases, the
magnitude of strain near the punch increases relative to the strain in the rest of the pillar. At a
critical force of ~12.5 mN (normalized force, F/A,, of 47 kPa), the pillar begins to soften and
each incremental displacement step results in a decrease in force. This softening corresponds to
the nucleation of a shear band near the punch face, as seen in Figures 7c and d. During this
nucleation stage, which persists from 4l/l, = 0.030-0.033, structural evolution is observable
along the shear band region despite the absence of a clear shear offset at the pillar surface (see

Movie S1, Supplementary Material). Further displacement induces shear band propagation

during which the pillar volumes separated by the shear band slip past one another and a

16
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detectable shear offset develops at the surface. Figure 9 shows the evolution of the displacement
and strain fields in the pillar. The heterogeneous strain field associated with the shear band is
clearly visible in Figure 9f. While the full orientation of the shear band is not determinable from
the micrographs, it appears that the band forms along a direction approximately 45° from the
direction of compression, which is parallel to the direction of maximum shear stress.

It is interesting to compare the deformation that we observe in the bidisperse 3/6 um
micropillars with the modes found in other amorphous systems. The shear bands that develop in
the micropillars have a finite thickness. From inspection of micrographs acquired during shear
band propagation, we estimate the thickness to be ~5 particle diameters (see Movie S1 in
Supplementary Materials). This thickness is consistent with the values reported in a sheared
suspension of colloidal PMMA particles [40]. The shear band orientation of approximately 45°
from the direction of compression is similar to the angle observed in experiments [41] and
simulations [42] of compression of other granular solids. The examination of deviations from
this angle has been suggested as a method to gain insight on the pressure dependence of yielding
in disordered solids [14], which is a venue for future work. The available degrees of freedom in
the current testing apparatus do not provide the resolution necessary to precisely measure this
angle. Nevertheless, we consistently observe shear bands that originate at the micropillar/punch
interface and grow to intersect a free surface. Without the confining walls found in other
granular compression experiments, there is no restoring force for radial displacements.
Therefore, local softening due to dilatory structural evolution is concentrated near the punch and
results in the preferential location for shear band formation. This behavior more closely

resembles that found in compression experiments of micro-scale BMG pillars [43, 44, 45].
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Figure 9: In-pillar displacement and strain fields determined using digital image correlation of
the sequences shown in Figure 8. Frames a, b, and ¢ show the axial displacement at the points
marked a, b, and c in Figure 8e, respectively. Frames d, e, and f show the axial strain at points
a, b, and c in Figure 8e, respectively.
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Although the orientation and location of the shear bands are consistent from pillar to
pillar, the normalized force at shear banding onset, F /4,. is found to vary from 47 to 830 kPa.
While intrinsic structural variation from pillar to pillar surely affects the response, we believe
that fluctuating humidity accounts for much of the variability. All of the experiments reported to
this point were performed in ambient conditions with no special provisions taken to control
humidity levels. To explore the effect of humidity on pillar response, an environmental chamber
capable of varying relative humidity (RH) from <2% RH to >98% RH was constructed for the
compression testing apparatus.

Multiple compressions of a single micropillar at various levels of RH illustrate the impact
of environmental conditions on the mechanical response. A 900 um diameter pillar composed of
3/6 um PS spheres is compressed 25 times to displacements much less than the values necessary
to cause shear banding (41/1, < 0.003). Over the course of the compressions, RH is adjusted
from near saturation (96% RH) to dry (<2% RH) and then back to near saturation. Eight of the
response curves are plotted in Figure 10a. The plot ordering follows the sequence of testing,
with the left-most plot corresponding to the first compression and the right-most plot
corresponding to the last compression. Blue, red, green, and black plots correspond to 96% RH,
51% RH, 21% RH, and <2% RH environments, respectively. It is found that decreasing RH
results in significant stiffening of the pillar, and subsequent increasing of RH restores the
compliance of the pillar. To quantify the variation, polynomials are fit to the load and unload
responses, expressed as F /A, vs Al/l,, for each of the 25 compression experiments (see fitting

procedure in Supplementary Information). The maximum instantaneous stiffness, as determined

. l, dF . .
from the maximum value of A_OE over the range of 41/1,, is extracted for each compression.
o

Figure 10b plots the maximum instantaneous load and unload stiffnesses for different values of

19
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RH. A low RH environment results in a pillar that is 10x stiffer than the same pillar compressed
in a high RH environment. The decrease in unload stiffness with increasing RH is non-
monotonic and reaches a maximum between 35-50% RH, where we observe a two-fold increase
in the unload stiffness over the stiffness at <2% RH. The magnitude of the stiffness increase is
similar to that observed in a colloidal crystal indented at various levels of RH [46]. The cross-
over region between the extreme values of stiffness extends over a wide range of RH (~30-70%
RH) that overlaps with typical ambient RH variation.

Increasing environmental RH increases the moisture content in the pillar due to capillary
condensation. In the limit of a completely dry pillar, a state not realizable in our system,
particle-particle cohesion due to water-bridges vanishes. At low RH, water-bridges form at the
contact points between particles and increase cohesion. When these water-bridges remain
distinct, the pillar is said to be in the pendular state [47] defined for wet granular media.
Increasing RH further results in some of the water-bridges merging and completely filling some
of the voids in the pillar. The pillar is said to be in the funicular state. Higher RH may saturate

the pillar and fill all of the voids and the pillar is said to be in the capillary state.
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Figure 10: a) Eight sequential response curves for a pillar compressed at different RH. b) The
variation of the maximum instantaneous stiffness on load and unload with changes in RH. c¢)
Confocal micrographs from a pillar compressed at 96% RH. Top frame shows entire pillar,
lower left frame shows region denoted by red box prior to compression, and the lower right
frame shows the same region after compression. Significant structural evolution of a previously
sheared region is observed. d) Confocal micrographs from a pillar compressed at <2% RH.

Top frame shows entire pillar, lower left frame shows region denoted by red box prior to
Little

compression, and the lower right frame shows the same region after compression.

structural evolution of a previously sheared region is observed.

Dynamic vapor sorption (DVS) is performed to quantify the water content in the pillar as

a function of RH. DVS employs a precision microbalance to measure the change in the mass of
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m(RH)

a sample with changes in RH. The relative change in mass of the pillar is given by where

Mdry
Mgy is the mass of the dry pillar and m(RH) is the mass of the pillar at a given RH. The bulk
volume,V,,,;x, of the pillar is determined using optical microscopy and the void volume, V,,,;4, 18

determined through the relation:

mdry

Vioia = Vowik —
PS

where ppgis the density of PS (1.06 g/cc). For the 900 um diameter pillar composed of 3/6 pm

void

PS spheres, Z = 0.24. The water content in the pillar is quantified in the dimensionless water

bulk

content:

Vwater _ [m(RH) - mdry]

Vvoid pHZOXVvoid

where py, ¢ is the density of water (1.00 g/cc). The relative change in mass and RH during a
DVS experiment are plotted against time in Figure 11a, and the equilibrium relative change in
mass and water content are plotted against RH in Figure 11b. It is found that the relationship

between water content and RH is not linear, with a sharp increase in water content for RH values

>70%.

Particle-particle cohesion and friction are markedly different in the pendular, funicular,

and capillary states [47], and these variations are reflected in the distinct mechanical responses

observed at different RH. In the pendular state, where 0 < Ywater < 9,10 ~ 0.25 [41], cohesive

void
forces are the result of water-bridges that form between particles. In the capillary state,

water

where Zwater 0.90, cohesion is the result of suction generated in the fluid phase containing the

void
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particles. Cohesion in the funicular state is a combination of the cohesive interactions
characteristic of the pendular and capillary states. Friction is greatly reduced in the capillary
state in which the large water content serves as a lubricant between particles. In comparing the
compression data with water content, we see that the maximum unloading stiffness achieved at
50% RH corresponds to a water content of ~0.12-0.15, a value associated with the pendular
regime. Increasing RH beyond 50% results in a significant decrease in the loading and
unloading stiffnesses which we attribute to increased plasticity. We quantify the extent of
plasticity at a given RH through two metrics: efficiency, , and the ratio of the maximum
instantaneous stiffness on unload to the maximum instantaneous stiffness on load. We define n
as the ratio of the work done by the system on unloading to the work done on the system during
loading:

0
fx Funload(x,)dx,
max

foxmax Fload (x,)dx’

T]:

An efficiency of 1 would indicate a perfectly elastic process and an efficiency of 0 would
indicate a perfectly plastic, or dissipative, process. The efficiency of the compression cycles as a
function of RH is plotted in Figure 11c. Atlow RH, n = 0.8, which is the maximum value
observed. At RH > 30%, n drops significantly and settles to values = 0 at 70% RH. Near
saturation, several negative efficiency values are measured, indicating that the net work done on
the pillar during unloading is positive (i.e., energy is put into the system on unloading). We
attribute this effect to strong adhesion between the pillar face and the punch; pulling the pillar
face off of the punch involves breaking many water-bridges that form between the surfaces
during compression, which requires energy. The precipitous drop in 1 at RH values above 30%

is indicative of significantly increased plasticity that occurs through dissipative mechanisms like
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particle sliding and rolling. This assertion is reinforced by the drastic increase in the ratio of the

maximum instantaneous stiffness on unload to the maximum instantaneous stiffness on load,

Emaxunioad , which increases from ~2 at RH < 40% to values between 4 and 9 at 40% < RH <

Emax,load

70%, corresponding to water content values ~0.16-0.22. Taken as a whole, the water content and

stiffness data indicate maximum cohesion at 50% RH and increased plasticity at >30% RH.
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Figure 11: a) The relative change in mass and RH plotted against time for a 900 um diameter
pillar composed of 3/6 um PS spheres. b) The equilibrium relative change in mass and water
content as a function of RH on adsorption and desorption. ¢) The efficiency, a measure of the
work recovered during a compression cycle, as a function of RH. d) The ratio of the maximum

instantaneous stiffness on unload, Ey g5 unioaq. to the maximum instantaneous stiffness on
loadmg, Emax,load-
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Confocal micrographs of a single pillar compressed to larger values of 41/1, show a
fundamental change in deformation in two extreme RH environments (see Figure 10c and d). In
Figure 10c and d, the top image is the pillar prior to compression, the lower left image is the
region outlined by the dashed red-box prior to compression, and the lower right image is the
same region after compression. At 96% RH (Figure 10c¢), significant evolution of a previously
sheared region (indicated by the red arrows) is observed during compression. Conversely, the
sheared region in the very dry (<2% RH, Figure 10d) pillar shows little evolution.

The effect of varying levels of cohesion and friction on shear band nucleation and
propagation is not clear. However, we have shown that the macroscopic quasi-elastic response
of our pillars is a strong function of RH. The strong correlation between water content within the
pillars, and measurements of mechanical stiffness and efficiency suggest that RH strongly affects
particle-particle cohesion and friction. In BMGs, a high ratio of the bulk modulus, B, to the
shear modulus, G, has been associated with increased fracture toughness and plasticity [48].

This relationship has been rationalized by equating a high B with the suppression of dilation and
a low shear modulus with lower resistance to plastic flow. Therefore, large B/G promotes more
shear band operation prior to final fracture. Exploring the effect of varying macroscopic elastic
properties in our model micropillar packings, which can be widely controlled via tunable particle
interactions, on plasticity and fracture may guide refinement of predictive models for design of

tough atomic solids.
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4. Conclusion and Outlook

We have shown a novel synthetic approach for producing free-standing disordered
colloidal pillars with tailored particle and pillar sizes and tunable particle-particle interactions.
Through quantitative in sifu uniaxial compression, we demonstrate that colloidal pillars are a
promising model system for probing plasticity and finite size effects in amorphous solids owing
to the strong cohesive interactions unique to the micrometer and submicrometer scale particles.
Whereas pillars composed of submicrometer scale particles show stochastic response that is
dictated by the inherent population of macroscopic cracks, plasticity in pillars composed of a
bidisperse mixture of micrometer scale particles is governed by shear banding. We find that the
characteristics of shear banding in our disordered pillars show remarkable similarity to those
observed in metallic glasses, supporting the applicability of colloidal packings as a model system
for atomic glasses. We furthermore show that control of relative humidity levels during
compressive testing leads to distinct mechanical response, which we attribute to varying
cohesion and friction between contacting particles. The combination of tunable interactions,
control of fundamental length scales through capillary and particle size control, quantitative
mechanical testing, and direct visualization at the particle level provides a unique platform for
elucidating new insight on the dynamics and plasticity mechanisms of disordered solids. We
envisage the information gained from such studies to inform the synthesis of new designer

materials with enhanced toughness and damage tolerance coupled with more graceful failure.
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Synthesis and Mechanical Response of
Disordered Colloidal Micropillars

Daniel J. Strickland, Lei Zhang, Yun-Ru Huang, Daniel
J. Magagnosc, Daeyeon Lee , Daniel S. Gianola

A method for synthesizing and uniaxially compressing
free-standing colloidal micropillars is presented. The
mechanical response of the micropillars is strongly
dependent upon their initial defect population and
water content.
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