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Dynamics of Fracture in Drying Suspensions

E. R. Dufresne,#*D. J. Stark* N. A. Greenblatf, J. X. Chend/' J. W. Hutchinsor,
L. Mahadevari,and D. A. WeitZ#

DEAS, Department of Physics, and Department of Chemistry and Chemical Biologygriidiniversity,
Cambridge, Massachusetts 02138

Receied May 4, 2006. In Final Form: June 22, 2006

We investigate the dynamics of fracture in drying films of colloidal silica. Water loss quenches the nanopatrticle
dispersions to form a liquid-saturated elastic network of particles that relieves drying-induced strain by cracking. These
cracks display intriguing intermittent motion originating from the deformation of arrested crack tips and aging of the
elastic network. The dynamics of a single crack exhibits a universal evolution, described by a balance of the driving
elastic power with the sum of interfacial power and the viscous dissipation rate of flowing interstitial fluid.

Drying has been exploited for thousands of years in protective (a) (c)
coatings and ceramics. In fact, this process is so familiar that g //
“watching paint dry” has become synonymous with tedium. t
However, drying presents a number of outstanding scientific and 1 I i3
technological problems. Drying drives suspensions far from
equilibrium: for typical samples of macroscopic dimensions at (b)
ambient conditions, fluid can leave faster than particles can relax
into their equilibrium configurations. Consequently, the mac-
roscopic material properties of drying suspensions can be
heterogeneous in both space and time. Recent experiments and
theory have described the steady consolidation of suspended
particles into close-packed networks driven by the flow of fluid
to a pinned liquid-vapor interfacé:4 The formation of
homogeneous solids by this process is often frustrated by
mechanical instabilities, such as fracture and buckling, resulting
in diverse and beautiful morphologjy!2 but limiting the utility 0 ¥ Y,
of the films1415The growth of cracks in drying films tracks the R

y=0 suspension vapor

Vi
consolidation of particles that proceeds continuously: surprisingly, Figure 1. Fracture in a drying suspension. (a) Schematic diagram

o . ; . of the drying geometry. (b) Epifluorescent micrograph of a drying
however, individual cracks exhibit a pronounced intermittent film (inverted contrast)ys is the compaction front, ang is the

motion. This ubiquitous feature of fracture dynamics remains crack front. (c) CARS micrograph tuned to the-8l stretch at 3500
mysterious and suggests that essential elements may be missingm-1. The brightness is proportional to the local water concentration.
from our understanding of the drying process. Scale bars are 500m.
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Figure 2. Crack dynamics at long time intervals. (a) Trajectories
of the compaction fronty;, (dotted line) and crack frony,, (thick
solid line). (Inset) Simulated compaction and crack front trajectories.
(b) Separation of the compaction front and crack frgnt;- y,, vs

the location of the compaction front. Open and closed symbols
are for two experiments with identical setups. The slopes of the
dotted and dashed lines givg/o(0) andosido(0), respectively.

aligned with they axis. At the compaction front, the particle
volume fraction drops rapidly to its initial value; = 0.2. We
analyze digital images to locate the positions of the compaction
front and individual crack tips. The position of the leading crack
tip, y», is designated as the crack front.

The compaction front advances smoothly as the suspensio
dries. The measured trajectomy(t), is plotted as a dotted line

in Figure 2a. Particles are deposited in the close-packed region

as fluid flows from the bulk of the sample to replenish water lost
at the surface to evaporatidi.his macroscopic flow is driven

by capillary forces. A similar mechanism is responsible for the
flow of fluid through a treé® As water evaporates from the
drying surface, nanometer-scale menisciformin the gaps betwee
particles. The pressure in the water just inside the air/water
interface is 2/ry below atmospheric pressure, wherés the
surface tension andy is the local radius of curvature of the

interface. The pressure increases from the edge of the sample t
the compaction front, which remains near atmospheric pressure
This pressure gradient drives flow to the drying edge as described

by Darcy’s law,J = —(¥,) VP whereJ is the fluid flux, k is the

(16) Taiz, L.; Zeiger, EPlant Physiology Sinauer Associates: Sunderland,
MA, 2002.
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permeability of the porous close-packed regigris the vis-
cosity of the interstitial fluid, and the pressure gradient is
VP =~ 2ylryy1. For randomly packed monodisperse sphekes,
can be estimated using the Carme{ozeny equatioH

:i(l - ¢C)3 2
B ¢l

In the early stages of drying, fluid flows to the surface at a steady
rate to replenish fluid lost by evaporation. As the compact region
grows, its hydrodynamic resistance increases, and the menisci
increase their curvature, maintaining fluid flow to keep up with
evaporation. Eventually, the curvature reaches a geometric limit
set by the pore sizep ~ 0.1%. At this point, the advance of
the compaction front becomes limited by the rate of fluid flow
to the surface and begins to sléWwin both regimes, the
compaction front trajectory is well described by

@)

whereyp and 3¢/2 are the length and time where the dynamics
crosses over from being evaporation- to flow-limifed.

Capillary forces not only drive the growth of the compact re-
gion but also drive its fracture. The distribution of water in a dry-
ing film is visualized by a coherent anti-Stokes Raman scattering
(CARS) micrograph of adrying film, shown in Figure 1c. Whereas
the material surrounding the cracks is wet, the cracks are free
of liquid water on the inside. Because gas diffuses freely through
the empty cracks, they remain at atmospheric pressure. However,
the fluid surrounding the cracks has a large negative pressure.
This pressure difference is equivalent to a tensile stoesgich
drives the cracks forward. The absolute values of the tensile
stress can be quite high. Throughout the flow-limited regime of
the growth of the compact region, the stress at the drying surface
remains constant a{0) = 2y/rp. For our 11-nm-radius spheres,
this corresponds te(0) = 80 MPa= 800 atm.

Whereas the advance of the compaction front is steady, the
crack front,y,(t), moves intermittently, as shown in Figure 2a.
Even though these stochastic trajectories vary from experiment
to experiment, they share many features. First, all trajectories
have a characteristic “staircase” shape. Second, the crack front
lags behind the compaction front, and the distance between them,
V1 — Y2, is constrained by minimum and maximum values that
increase as the two advance. This is illustrated in Figure 2b,
where we ploty; — y» againsty; for two separate experiments.

If we assume that the close-packed region is homogeneous, then

"the tension in the fluid decreases linearly from the drying edge

to the compaction fronig(y)/o(0) = 1 — yly1. Thus, the lines
constraining the trajectories in Figure 2b represent lines of constant
tension. The dashed line constraining the minimum valugs of

— Yy, can be interpreted as the stress at which a running crack
tip must arrestysiop= 2.8 MPa. Similarly, the dotted line limiting

the maximum values gf; — y» corresponds to the stress at which

"hn arrested crack must begin to rage = 12.6 MPa.

The characteristic steplike trajectory of the crack front is a
direct consequence of the fact tiigé > osiop As the compaction
front advances, the stress throughout the film increases mono-

?onically over time. An arrested crack tip remains stationary

(17) Evaporation is slowed by a minute recession of the air/water interface
into the bulk of the sample. Because the pore size is much smaller than the mean
free path of water vapor, the transport of vapor through the pore space is in the
Knudsen limit where the diffusion coefficient is significantly reduced. Thus, even
the slowest evaporation rates observed in this experiment can be obtained with
a recession of the air/water interface of less than 4®0
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Figure 3. Deformation of arrested crack tips. Bright-field micro-
graphs of a drying suspension (a) just before and (b) during a crack
jump, demonstrating changes in the crack tip morphology. Field of
view: 420x 240um?. Stress-induced destabilization. Epifluorescent
micrograph (inverted contrast) of a drying suspension (a) just before
evaporation is interrupted and (b) 7000 s later. Field of view: 750
x 10 um2,

until the local stress exceedg,, when it rapidly jumps toward
the compaction front, stopping afy) = 0s.op Combining this
dynamical rule with alinear stress profile and eq 1 for compaction -
front motion, we simulate crack and compaction front trajectories N
and plotthe results in Figure 2a (inset). The results capture salient
features of crack dynamics over times from 10 tbg,0ncluding
intermittent motion and increasing jump length. However, this
deterministic model does not yield the stochastic component of
crack front trajectories that must arise from interactions between
cracks or from inhomogeneities in the film.

For a single crack, the stress required to advance depends on
material properties and geometrical factors. In a thin elastic film, I 03 10 2 10 1 100 1 0' 1 02
the elastic energy released as a crack moves forward an
infinitesimal length d is ao?h? dL/E, whereh is the thickness ) r/ T o
of the film andE is the elastic modulus. Theparameter depends Figure 4. Crack dynamics atshorttime intervals. (&) Sevenindividual
on the relative elastic moduli and the adhesion of the film and Crack jumps from a few different samples. (b) Scaled trajectories,
the substrate. We assume that that the film has a much Iowersymb°|s‘ and master curve (line).

modulus than the substrate. Thasi= 0.5 if the film is bound  ghown in Figure 3d. Thus, adhesive forces between particles in
on both sides, and = 1.25 if it is bound on one side onk. the film vary significantly in space and time. These differences
In the quasistatic limit, all bulk elastic energy is converted to 46 que to the irreversible destabilization of the close-packed
surface energy of the crackh dL, wherel"is the energy of the  particles to form a robust elastic network at a critical value of
crack surface per unit area. Therefore, a crack can propagate age fiuid tension. Similar time-dependent material properties play
long as tensile stress exceeagls= +/(EI')/(ah). a governing role in the onset of buckling of drying colloidal
Our system, however, is not characterized by a single critical dropletd®and have been suggested to contribute to the mechanical
stressge, but by two distinct stresseg, = oswp There are two properties of green ceramic film8.
possible causes for this difference: changes either in crack tip  Our simple two-stress model captures the intermittent dynamics
geometry or in material properties of the film. First, arrested of crack tips over long time intervals but assumes that cracks
crack tips are observed to blunt and/or split within seconds of jump to their final positions instantaneously. To go beyond this
arrest, reducing the concentration of stress at the tip thatis essentialinrealistic assumption, we acquire bright-field images of single
for continued motion, as demonstrated in Figure 3aand b. Secondgcracks using a high-speed camera (Phantom v5.0) and capture
the material properties of the particle network vary in both space the fast dynamics of cracks over short times, from®1d 1 s.
and time. Even though no change in the volume fraction is visible The trajectories of several individual crack jumbpg), are shown
near the crack tips, differences in the mechanical properties ofin Figure 4a. Although there is tremendous variability in the
the compact region are dramatically demonstrated by the magnitudes of jump lengths and speeds, all cracks evolve
relaxation of the drying film when evaporation is arrested. We similarly; they advance like/t at early times before slowing and
seal both ends of the capillary tube with vacuum grease andstopping at their final positions.
image the evolution of the film over long time intervals. Just A simple energy balance can describe the shape of these individ-
before evaporation is stopped, the compaction front is diffuse, ual crack trajectories. In contrast to a conventional molecular
as shown in Figure 3c. Afterward, particles in the firstfew hundred solid, the opening of a single crack in a fluid-saturated particle
micrometers of the close-packed region diffuse away slowly, network drives the flow of interstitial fluid. Therefore, at finite
leaving behind a sharp interface of close-packed particies  rates of propagation, energy must be consumed by viscous flow.
equilibriumwith a lower volume fraction fluid suspension, as \Wheno > ¢, the amount of elastic energy released from the bulk

(18) Hutchinson, J. W.; Suo, Adv. Appl. Mech.1992 29, 63. (19) Chiu, R. C.; Cima, M. JJ. Am. Ceram. Sod 993 76, 2769.
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exceeds the energy consumed to create new surface area and drivéd function, W[x]:2°

the flow of interstitial fluid. The rate of viscous dissipation in

the porous particle network is given J?/K) dV where the oo t

flux I3)f fluid I?rom the tip is apprgt’)ximakgﬁﬂ =)(1 — ¢)sin 6L LH=1+ V\{—exp(—l N E)] (4)

and we have assumed a crack with a triangular tip and a constant

opening half-anglé. This flow persists overavolume surround- Al crack trajectories are well fit by this form, as is clearly
ing the crack roughly equal to the new volume of the crack (i.e., gemonstrated by scaling the trajectories by the fitted values of

J dV~ whL). Combining these approxin;ati(_)ns, we estimate the 7 ands plotted in Figure 4b. The scaled trajectories collapse onto
ratze_of viscous dissipation to be/igL/5)L?, with f = K/(n(1 — g single master curve, given by eq 4, plotted as a thin solid line.
¢)’sir? ). Equating the elastic power to the sum of the interfacial - A more detailed model, accounting for interactions between cracks
and viscous power yields an equation for the length of a single anq incorporating a rigorous formulation of the coupling between
crack propagating through a fluid-saturated porous elastic materialg|astic deformation and viscous fléis needed to predict the
o \2 scaling parameters accurately.
da_ [1 — (_C) Bo ) These results highlight the complex interplay of interfacial
dt ol J2L forces, fluid flow, and heterogeneous mechanical properties
. inherent to the mechanics of drying suspensions. An improved

W%eﬂf]e we hav_ezrerr?c/)’\zled rt]heh ?Xp“?g (fjep_enld?nge on Qhe CraCkunderstanding of the mechanics of drying suspensions will lead
\t/t\qin Ius[[ri]g\allr; I(r)lLtg ’ er ic ¢ IS vall ; or 'fno atﬁ crrac kstim ﬁ to advancements in materials processing using drying films while
trav:H:(sj gshoft dist:nii z;/n?j ?ﬁgzt? a'lureIFz)a'tiveeI Cc?)(;]st;)nt as forming an accessible model system for investigating broader

) ) &% . y issues in dynamic poroelastic fracture, with potential impact in
so that_(t) ~ V. Inthis regime, steady deceleration of the crack larger-scale geophysical phenomena.
is due to the rapidly increasing viscous dissipation around the tip.
However, as the crack advances, it moves into regions of lower
stress and finally arrests where= g.. Assuming a linear stress Riﬁ‘:kgovglt%?]%m:r?g f(\a/ﬁgvshriglr(ngérésgmr?;e&:g.clzzngﬁtl) %R
profile along the direction of propagation, eq 2 simplifies to o ! '
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Here we have nondimensionalized length using the length of the LA061251+
jump, 6, and time using = 6%/0,, Whereo, is the stress at the
beginning of the jump. The paramejew, varies widely, from (20) Corless, R. M.; Gonnet, G. H.; Hare, D. E. G.; Jeffrey, D. J.; Knuth, D.
0.06 to 260 mri's. Near the end of a jump, the crack tip trajectory  E. Adv. Comput. Math1996 5, 329. o o

is exponentialf_ ~1— exp(— f/2) The solution of eq 3 can be (21) Wang, H. F.Theory of Linear Poroelasticity with Applications to

. oty Geomechanics and Hydrogeolodrinceton University Press: Princeton, NJ,
expressed in closed form over the full rangé aking the Lambert ~ 2000.




