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ABSTRACT: The drying of sessile drops of aqueous colloidal suspensions
leads to the formation of a close-packed particle deposit. As water
evaporates, a solidification front propagates from the edge of the drop
toward the center, leaving behind a thin disk-shaped deposit. For drops with
sufficiently large particle volume fractions, the deposit eventually covers the
entire wetted area. In this regime, the dynamics of the deposit growth is
governed by volume conservation across a large range of particle volume
fractions and drying times. During drying, water flows radially through the
deposit to compensate for evaporation over the solid’s surface, creating a
negative pore pressure in the deposit which we rationalize with a
hydrodynamic model. We show that the pressure inside the deposit
controls both the onset of crack formation and the onset of air invasion.
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Two distinct regimes of air invasion occur, which we can account for using the same model that further provides a quantitative

criterion for the crossover between the two regimes.

Bl INTRODUCTION

Cracked paint on building facades, fractured mud in dry regions,
and desiccation cracks in drops of blood illustrate the fragility of
films composed of colloidal suspensions.'~* As the solvent
evaporates from a suspension placed on a substrate, a solid
deposit of close-packed particles is left behind.”~® This deposit
fractures into a variety of patterns depending on its thickness and
the solvent, particle, substrate, and air properties.” > Control-
ling or preventing this thin film failure requires a thorough
understanding of the microscale mechanics and flows, from the
initial deposition to the evaporation of the last water molecule.

When a drop of a colloidal suspension is deposited on a
hydrophilic substrate, its contact line remains pinned to the
substrate.”' Particles are brought to the drop edge by enhanced
evaporation at the contact line and a capillary-driven flow, which
leads to the formation of the close-packed solid particle
deposit.”** For drops with an initial particle volume fraction
of ¢y 2 0.08, the solid deposit grows inward and eventually
covers almost the entire initially wetted area.”'>'”**7>® The
solid deposit is saturated with water, and its growth is driven by
evaporation occurring on its top, which brings solvent and
particles from the liquid region in the center of the drop to the
solid deposit.””*’ For suspensions of hard particles, two key
events occur during drying: radial cracks propagate from the
drop edge toward the center, and, at a later time, air invades the
deposit.”'****® The critical stress acting on the deposit beyond
which cracks form has been determined by applying a
homogeneous pressure to the deposit” and by measuring the
bending of a thin cantilever covered by a colloidal suspension
film.>”" These techniques, however, do not capture the critical
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role of the solidification front for the stress distribution.”>** The
dynamics of air invasion have been characterized at the pore
scale but are rarely measured for the entire drop.'”**

In this article, we show that both the onset of crack formation
and the onset of air invasion can be rationalized by considering
the pore pressure in the deposit, which we calculate using a
hydrodynamic model. Tensile stresses associated with the pore
pressure are released through the formation of a crack at a critical
value set by a linear elastic Griffith criterion, while the threshold
for air invasion is governed by the maximum attainable curvature
of the microscopic menisci between the particles. Our
hydrodynamic model explains the strong dependence of the
onset of crack formation and air invasion on drying conditions.
The deposit growth, in contrast, exhibits a universal dynamics
set by volume conservation. This understanding of the pressure
distribution and how it changes once the liquid region in the
center of the drop dries out completely explains the two distinct
dynamics we observe for the invasion of air into the deposit.

B EXPERIMENTAL METHODS

Drop drying experiments are performed using charge-stabilized
suspensions of colloidal silica particles (Ludox AS-40, Sigma-Aldrich)
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Figure 1. Drying of a colloidal suspension drop. (a) Bottom view of a drop of a silica particle suspension with deposition radius Ry = 850 ym (initial
drop volume Q= 0.3 yL) and initial particle volume fraction ¢, = 0.23 drying on a glass slide at a relative humidity of RH = 27%. A solid deposit forms
at the edge of the drop and grows as the liquid spherical cap of radius r. in the center recedes. When the deposit width w reaches a critical value, the first
radial crack forms in the deposit, followed by regularly spaced radial cracks. At time t = t; the liquid cap completely dries out and the cracks reach the
center. (b) Side view of a drop with Ry = 1050 ym and ¢, = 0.18 drying at a relative humidity of RH = 22%. (c) The temporal evolution of the liquid cap
retraction is well described by a volume-conservation-based model (dashed lines). Legend: V, Q= 0.3 uL, ¢hy = 0.16, RH = 21%; [J, Q= 0.3 uL, o =
0.12, RH =27%; A, Q4 = 0.3 uL, by = 0.16, RH = 50%; ¥, Qg = 1 uL, by = 0.16, RH = 21%; M, Q= 1 uL, b, = 0.12, RH = 21%; and A, Qy = 1 yL, b, =

0.16, RH = 51%.

of diameter 2a = 22 nm. The suspensions are diluted with deionized
water to particle volume fractions of ¢y = 0.08—0.23. The diluted
suspensions are stable. Drops of volume €, = 0.3—1 uL are deposited
on clean microscope glass slides using a micropipette (Gilson 0.2—
2 uL), where they adopt a contact angle of 20 + 2°. Prior to use, the
glass slides are cleaned by sonication in acetone for 5 min, followed by
rinsing with isopropanol, and the colloidal suspensions are sonicated for
20 min to ensure a complete dispersion. The drops are placed in a
transparent box to suppress air flow, at ambient temperature T =22 +
2 °C and a constant relative humidity (RH) ranging from 7 to 70%. We
image the drops from below using an inverted microscope (Eclipse
TE2000-U, Nikon with Lumix GHS camera) with magnification 6X,
filmed at 30 fps.

B RESULTS AND DISCUSSION

The drops adopt a spherical cap shape of radius Ry, as shown in
Figure 1a,b. As water evaporates, the initial contact line remains
pinned. A close-packed particle deposit of width w forms from
the drop edge, enclosing a liquid spherical cap of radius . that
shrinks as the solidification front moves inward.”**> At a deposit
width of w,y, the first radial crack appears in the deposit,
rapidly followed by a succession of regularly spaced radial cracks
which propagate toward the center of the drop as the liquid cap
recedes (Video S1).”'” At time t;, the liquid cap dries out, r, = 0,
and the deposit covers the entire initial drop area, w = R,. The
disk-shaped deposit has a nearly constant thickness of h, as
shown in Figure S1.

We monitor the dynamics of the liquid cap retraction for
drops of varying initial volumes and particle volume fractions
drying at different relative humidities (RH), as displayed in
Figure 1c. The deposit formation and retraction of the liquid cap
are slow at early times and gradually accelerate until the liquid
cap rapidly vanishes as t — t; Larger initial drop volumes and
higher RH increase the total drying time ¢ At fixed initial drop
volume and RH, lowering the initial particle volume fraction
slightly increases t;. Remarkably, normalizing the time ¢ with the
total drying time t; leads to a master curve of all of the data, as
shown in the inset of Figure 1c; all drops exhibit universal
deposit growth dynamics as represented visually in Figure S2.

To rationalize the universal dynamics, we consider the volume
conservation between the deposit of volume 24, and the
liquid spherical cap of volume Q,,, which both contain water
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and particles. As the drop dries, its volume decreases at an
evaporation rate € that remains constant during deposit
formation, as shown by mass measurements (Figure S3) and
in agreement with previous findings.””** The total volume of the
drop at a time t after deposition is then €2, + Qqeposie = Qo — Lt
where Q is the initial drop volume. The volume of particles
remains constant and equal to Qo = QP cap + Leteposie@deposiv
where ¢ is the initial particle volume fraction, ¢, is the particle
volume fraction in the liquid cap, and @gepoq is the particle
packing fraction in the deposit. At the end of the drying, €2.,, =0,
from which we obtain an expression for the drying time f; that
depends on the initial particle volume fraction and the
evaporation rate, assuming no air invades the deposit:

_ ¢deposit
%, (1)

To obtain an analytical expression for the deposit growth, we
assume a constant deposit thickness / and a constant particle
volume fraction in the liquid cap, ¢, ~® ¢po. The volume
conservation then simplifies to

()

where r is the liquid cap radius and R is the initial radius of the
deposited drop. Equation 2 captures the deposit formation
remarkably well despite the simplicity of our assumptions, as
seen in Figure 1c. We note that the liquid cap volume fraction
eqp is difficult to measure and could be affected by the flows of
water and particles from the liquid cap to the deposit and by
water evaporation from the liquid cap that would increase ¢,
Indeed, hydrodynamic simulations show that ¢, increases
during drying.”* Such an increase would slow down the deposit
formation at early times, as particles would remain in the liquid
cap instead of residing in the deposit. Our data shows some
evidence of an increase in ¢,,; we observe a slight deviation to
higher values of r./Ry compared to the prediction from eq 2 that
assumes ¢,, = ¢h. More importantly though, our results
demonstrate that the deposit formation dynamics is first and
foremost governed by volume conservation, while changes in
@cop have a much smaller influence.
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Figure 2. Pressure in the deposit determines the onset of crack formation and the onset of air invasion. (a) Bottom views of a 0.3 L suspension drop
with ¢ = 0.08 drying at RH = 10%, at the moment when the first crack appears (top) and when air invasion becomes visible (bottom). The arrows
denote the first crack (top) and the dark air invasion front located toward the edge of the deposit (bottom). (b) Schematics of the drop at these two
instants in time. u(r) denotes the radial flow velocity through the porous deposit, j(r) is the evaporative flux, and & is the deposit thickness. The colored
lines represent the pressure profiles P(r) in the deposit. (c) Maximally negative pressures P,,, = P(R,) in the deposit at the onset of cracking (bottom,
orange) and at the onset of air invasion (top, purple) versus the deposit thickness h. Symbols indicate the initial drop volume: @, Q= 0.3 uL; B, Q, =

1 L. The color shades indicate the relative humidity. The orange line denotes P,,, = —(1 — v)/(1 — 2v)/G.E/h, withv =03 and \/GE= 1.7 X

10* Pam'/% The purple line denotes P, = —4.8y/a.

Two key events occur in the “life” of a drying drop. The first
event is the appearance of a first crack in the deposit,' '
which occurs at a deposit width of w,q (Figure 2a). This crack
is quickly followed by a series of regular radial cracks that form
with avalanche-like dynamics mediated by the delamination of
the deposit from the substrate.”'”'* As the deposit grows, the
cracks propagate inward with a stop-and-go motion while
maintaining a thin crack-free ring of deposit close to the liquid
cap.””***” The second event is the invasion of the deposit by

17,2 . L .
2533 which occurs at a deposit width of wy,. As air

air,
progressively replaces the water inside the deposit, the deposit
becomes opaque,'” as seen in Figure 2a. What determines the
onsets of crack formation and air invasion?

Water evaporates from the deposit as the drop dries, and this
lost volume must be replaced either by air or by water from the
liquid cap. The surface of the deposit consists of microscopic
water—air menisci pinned between the particles. The energy cost
of creating a new interfacial area upon air invasion is higher than
the energy required for water to flow from the liquid cap into the
deposit and radially through the deposit.”** As a result, the
deposit remains saturated with water.”®> Because of volume
conservation and the thin nature of the deposit (h < Ry), the
radial flow velocity through the deposit induced by the
evaporation at the deposit surface is much greater than the
vertical flow velocity.”” This in-plane flow generates a viscous
pore pressure drop in the deposit. The resulting pore pressure
P(r) inside the deposit is balanced with atmospheric pressure at
the microscopic water—air meniscus via the capillary pressure
P,.. — P(r) ~ yk(r), where y is the water surface tension and x(r)
is the curvature of the meniscus. As the deposit continues to
grow, the pressure drop increases, which ultimately leads to
crack formation and air invasion.'”'”*>*” To establish
quantitative criteria for the onsets of cracking and air invasion,
we need a model that describes the pore pressure in the deposit
at these critical moments.

Evaporation is the driving process for the formation of cracks,
and it is thus the starting point of the model. For a drop with the
shape of a thin disk, the local evaporative flux j(r) is set by water
vapor diffusion in the air surrounding the drop and varies

7444

spatially as j(r) = jo/2(1 — (r/Rg)*)™%°%*" as sketched in
Figure 2b, where j, = Q/(7Ry?). Advection due to air flows can
make the evaporative flux uniform instead of divergent at the
boundary of the drop,” but we find that considering the
divergent evaporative flux leads to a better agreement with the
data, as shown in Figure S4. To compensate for the evaporative
flux of water out of the deposit, volume conservation requires a
radial flow of water through the porous deposit that satisfies
ho(ur)/or + rj = 0, which yields a radial flow velocity of

u(r) = jORo/(Zh)~/R02 — r*/r. To overcome viscous dissipa-
tion, this flow requires a pressure gradient obtained from Darcy’s
law as OP/dr = —u/ku(r), where P(r) is the liquid pressure inside
the pores, p is the dynamic viscosity of water, and k is the deposit
permeability estimated using the Kozeny—Carman equation

3
ﬁ%az with a being the particle radius and ¢ geposi &
0.6.”>*>*!' Combining Darcy’s law with volume conservation
yields the pore pressure profile P(r), shown in Figure SS. Note
that because h < Ry, we consider the pressure to be uniform in
the vertical direction. As the flow in the deposit is radially
outward, the pressure monotonically decreases with r and
reaches a maximally negative pressure of P, = P(R,) at R,.
Integrating dP/dr across the deposit radius yields

2 2 2
arctanh, |1 — [ = | - 1 -|=
R, R,

3)

Hj,R
Pmax = P(VC) - }0 ‘

This expression contains the porous pressure scale P*
(ujoRy?)/(kh) associated with flow in the thin deposit,*
multiplied by a factor that increases with the deposit width w
= R, — r. over which water evaporates. The liquid pressure at r,,
P(r)), can be evaluated as the sum of three terms that are all
much smaller than P* for small particles (k < h*): the
atmospheric pressure, the pressure contribution from the liquid
cap curvature y/r, and the pressure contribution from viscous
flow inside the liquid cap ysusijROZ/ W3, with Hsugp Deing the
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Figure 3. Air invasion occurs in two distinct ways. (a) Air invasion occurring while the liquid cap is still retracting appears as a bandlike dark front. The
front moves from the edge to the center of the drop. (b) Air invasion occurring after the liquid cap has dried out appears as a diffuse dark region
covering the entire deposit. (c) Temporal evolution of the change in transmitted light intensity AL, normalized by the background intensity outside the
drop I, for the bandlike air invasion regime. AI is measured in the 20-um-wide regions highlighted in (a) at /Ry = 0.7 and 0.9. The gray lines
correspond to images (i—v) in (a), and the black line denotes the time when the liquid cap completely dries out, t = t; The intensity starts to decrease
for t < t; and the front passes through the /R, = 0.9 region before reaching the r/R,, = 0.7 region. (d) AI/I, for the diffuse air invasion regime, measured
in the 20-um-wide regions highlighted in (b) at /R, = 0.6, 0.7, 0.8, and 0.9. The intensity decreases for ¢ > t;and starts to decrease at the same time in all
four regions. (e) State diagram denoting the regions of bandlike (red) and diffuse (blue) air invasion for different values of RH. The transition between

the two regimes occurs at I[P, | ~ P*.

dynamic viscosity of the suspension in the liquid cap.”* We
neglect P(r.) in the following.

The negative pressure in the deposit is a result of the water—
air menisci at the top surface of the deposit. As the menisci are
pinned to the surrounding particles, water lost to evaporation is
replaced by water molecules underneath, which generates a
tension force resulting in a negative pressure.”’ The capillary
forces acting on the menisci have a vertical component, which
induces stresses in the solid deposit.”>** This vertical
component, combined with the adhesion of the deposit to the
substrate that prevents radial expansion, leads to a state of tensile
stress 6,, = —(1 — 2v)/(1 — V)P, where v is the Poisson ratio of
the porous deposit.** As the deposit width w increases, the pore
pressure at Ry becomes increasingly negative, and the tensile
stresses are relaxed by the formation of a crack at w = w.

At which critical stress does the deposit fail> We express the
deposit thickness h from the volume conservation of the
particles €2, = ¢geposic71'R02h and the mean evaporative flux j, =
Q/(7Ry?), where Q is evaluated using eq 1, and we measure the
deposit width w,q at crack formation to obtain the pore
pressure in the deposit at cracking P, (w..q) from eq 3. The
pore pressure scales linearly with the tensile stress in the deposit
with a constant prefactor of (1 — 2v)/(1 — v) that is close to
unity.

Neither the drop size R, nor the mean evaporative flux j,
exhibit a systematic effect on P, (W q.) as shown in Figure 2c,
where we report drops of different volumes and at various
relative humidities. An increase in deposit thickness, however,
causes a systematic decrease in the pressure necessary to form a
crack, P, (W), and thus the tensile stress at crack formation
exhibits a power-law dependence with the deposit thickness with
an exponent of —0.4 + 0.1. Measurements that directly impose a
pressure on the deposit in an ultrafiltration cell (instead of

letting it dry) found a similar power law with exponent —0.4 for
the pressure at crack formation.”” We can rationalize this
dependence by considering the Griffith criterion for thin sheets
that balances the elastic energy released by forming a crack of
length L, which scales as 6eh’L where ¢ is the strain, and the cost
GhL of creating the crack.”! The critical energy release rate G,
accounts for the surface energy cost associated with creating
crack surfaces and for the energy cost associated with plastic
rearrangements of the particles.””*° For an elastic material with
Young’s modulus E, 0 = Eg, and the stress at crack formation
then scales as h™"/?, in fair agreement with our data. Moreover, a

fit of P(w,,q) = —(1 — v)/(1 — 2v)/G.E/h yields a fracture
toughness K. = \/G.E= 1.7 X 10* Pa m"2, which s comparable

to the value of K, = 9.9 X 10* Pa m'/? reported in the literature.**
We note that nonlinear stress—strain relations proposed for
deposits of hard spherical particles predict the stress at crack
formation to scale as h™>33%*" or h=3/5 2247 i lesser agreement
with our experimental findings than the model assuming a linear
elastic material.

Although the stresses are relaxed by crack formation,*” the
pore pressure in the deposit does not change significantly after
the formation of cracks given that it is set by radial flows in the
deposit. The pressure at the outer edge of the deposit becomes
increasingly negative as the deposit grows. Eventually, at a
deposit width w,,, a dark front appears in the deposit (Figure
2a). The front identifies the region of the deposit where air has
partially replaced water, which induces refractive index
fluctuations that decrease the transmitted light intensity; the
deposit is transparent when it is saturated with either water or air
alone."” We calculate the pore pressure at which air invasion
occurs, P, (w,,), using eq 3. Pox(w,) is a constant value
independent of drop size, evaporation rate, or deposit thickness,
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as shown in Figure 2c. For the pore pressure to remain balanced
against atmospheric pressure as the deposit grows, the curvature
K of the microscopic water—air menisci at the top of the deposit
needs to become progressively smaller. However, the curvature
is bound by the pore size, leading to a maximum attainable
capillary pressure calculated from the specific surface area of the
nanoparticles as P, = —6.1y/ a."® When the pore pressure
becomes lower than P, the energy required to pull water from
the liquid cap through the porous deposit becomes larger than
the increase in surface energy caused by displacing the water—air
interface. Consequently, the menisci recede inside the layers of
particles and air invades the deposit.”> We find P, (w,,) =
—(4.8 £ 0.4)y/a, confirming the accuracy of our model.

Remarkably, air invasion can occur in two ways: (i) The black
front appears as a sharp band while the liquid cap is still receding
(wg < Ry) and moves toward the center of the drop, as seen in
Figure 3a and Video S1. The propagation of the band is captured
in Figure 3¢, where we report the change in transmitted light
intensity AI normalized by the background intensity I in two
regions at radii of r/Ry = 0.7 and 0.9. The advancing dark band
identifies the region where the pore pressure in the deposit has
reached the capillary pressure P, (ii) Air invasion occurs only
after the liquid cap has dried out (w,;, = R), as shown in Figure
3b and Video S2. The dark air-invaded region is diffuse and
rapidly covers the entire deposit, as evidenced by the transmitted
light intensity that decreases simultaneously in four regions at
different radii r/Ry = 0.6—0.9, as shown in Figure 3d. The diffuse
propagation denotes the transition from horizontal drying to
vertical drying. With the liquid cap gone, the water now flows
predominantly in the vertical direction because the evaporation
from the top of the deposit governs the flow direction.

The mode of air invasion depends on the value of the porous
pressure scale, P* = pjoRy*/(kh), with respect to the capillary
pressure P,,.. For drops with P* > IP_,|, air invasion occurs as a
dark band; for drops with P* <P, the air invades as a delayed
diffuse front, as displayed in Figure 3e. The change in
transmitted light intensity caused by air invasion thus provides
a striking visualization of the pressure distribution in the deposit
during the later stages of drying,

B CONCLUSIONS

Our comprehensive investigation of the drying dynamics of
colloidal suspension drops provides quantitative criteria for the
two key events occurring during drying: crack formation and air
invasion. Considering the flow-induced pressure distribution in
the porous deposit, we show that the onset of cracking is set by a
linear elastic Griffith criterion whereas the onset of air invasion is
set by the maximum capillary pressure at the menisci between
particles. The delicate balance between flow-induced changes in
the pore pressure as the liquid cap dries out and capillary effects
leads to two distinct modes of air invasion. Monitoring the air-
invasion-induced changes to the transmitted light intensity can
serve as a convenient visual assessment of the pressure profile
inside the deposit. Our predictive model accounting for the
stresses inside drying films of colloidal suspensions can provide
guidelines for exploiting crack formation in patterning
applications*”*” and for preventing thin-film failure in coating
processes.’

B ASSOCIATED CONTENT
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Measurements of the deposit thickness profile for
different particle volume fractions; visualizations of the
liquid cap retraction and crack formation using a time-
lapse reconstruction technique; measurements of the
evaporation rate; derivation of the pressure profile P(r)
for different deposit widths; effect of the evaporative flux
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Video S1: Bottom-view video of the drop pictured in
Figure 3a, showing the avalanche-like propagation of
radial cracks and the air invasion process occurring before
the liquid cap has disappeared. The elapsed time is 100 s.
(MP4)

Video S2: Bottom-view video of the drop pictured in
Figure 3b, showing the air invasion process occurring after
the liquid cap has disappeared. The elapsed time is 95 s.
(MP4)
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