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1 | INTRODUCTION

Abstract

During drying, liquid-applied particulate coatings develop stress and are con-
sequently prone to stress-induced defects, such as cracking, curling, and
delamination. In this work, the stress development and cracking of coatings,
prepared from aqueous silica and zinc oxide particle suspensions, were char-
acterized using cantilever beam deflection with simultaneous imaging of the
coating surface. Drying uniformity was improved and lateral or edge-in dry-
ing was discouraged by using thin silicone walls around the perimeter of the
cantilever. Coatings prepared from larger monodisperse silica particles (D5, ~
0.9 um) dried uniformly but had a high critical cracking thickness (>150 um)
that prevented simultaneous study of stress development and cracking. Coat-
ings prepared from smaller silica particles (Dsy ~ 0.3 um) cracked readily at
low thicknesses but exhibited edge-in drying that complicated the stress mea-
surement data. This drying nonuniformity was connected to the potential for
these small particles to accumulate at the coating surface during drying. Hence,
the selection of particle size and density was critical to drying uniformity when
characterizing stress development and cracking. Coatings prepared from suspen-
sions of zinc oxide particles (Dsy ~ 0.4 um) were well-suited for these studies,
with uniform drying stress peaking at ~1 MPa. Characteristic features in the
stress development data above and below the critical cracking thickness (53 um)
were identified, demonstrating that cantilever beam deflection is a useful tool for
studying the effectiveness of crack mitigation methods and the fundamentals of
coating fracture during drying.

KEYWORDS
coatings, cracks/cracking, drying, stress

conductive inks.* For optimum properties and perfor-
mance, uniform coatings that are free of defects, such as

Particulate coatings have a variety of applications, includ- delamination and cracks, are required. Fracture mitigation
ing anticorrosive coatings,' battery electrodes,” and is especially desirable for the production of fuel cells,
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battery electrodes,” printed electronics, and inverse
opals.” Therefore, stress development and cracking in
particle-based coatings, especially those prepared from
ceramic suspensions, has been studied for many years.*'?

The understanding of how stress develops during drying
has been advanced by experimental studies that employed
various stress measurement techniques”'*'*# and coating
systems.'? In foundational work, Chiu and Cima’ mea-
sured the stress development during the drying of alumina
coatings prepared from aqueous suspensions. They found
that coatings were supersaturated with water and largely
stress-free in the early stages of drying, followed by an
increase in stress to a peak and a stress decrease until the
coating was fully dry. In their findings, the peak stress was
proportional to the liquid surface tension (y) and inversely
proportional to the particle radius. Hence, they proposed
that stress in the coating is related to the capillary pressure,
(AP « L) that forms due to the presence of liquid menisci
in the pores of a drying particle network, given that the
meniscus radius (R) scales with particle size.

Price et al.!! confirmed the role of capillary pressure by
using cryogenic scanning electron microscopy (Cryo-SEM)
to image frozen microstructures of aqueous ceramic coat-
ings at various stages of drying and stress development.
They found that when the coating stress reached a peak,
liquid menisci were present between particles at the top
surface of the coating. At this point, the lowered pressure
in the liquid from the curved menisci attempts to pull the
particle network together, but the shrinkage is constrained
due to adherence to the substrate, and an in-plane ten-
sile stress results. As the water continued to evaporate, the
coating stress decreased as the menisci receded into the
porous particulate network, and less of the coating was
subjected to the capillary pressure. Eventually, pendular
rings formed at the particle-particle contacts, and coat-
ings had a small residual stress. The findings of this work
aligned with those of Chiu and Cima.’

In addition to introducing the role of capillarity in
coating stress, Chiu and Cima noted conditions where gra-
dients in saturation formed over the coating area during
the drying of particulate coatings.’ Bauer et al.'” observed
similar gradients with a transparent substrate deflection
method. They sought conditions for uniform drying, which
they defined as homogenous saturation over the coating
area during drying. Likewise, both studies™' observed sit-
uations where a drying front propagated from the edges
of the coating inward. In drying droplets of suspensions,
consolidation of the particles begins at the droplet edge in
what is often called the “coffee ring effect”.!> Edge-in dry-
ing results from the coupling of enhanced evaporation at
the contact line due to its curvature and convective flow
carrying particles from the middle of the droplet toward
the pinned contact line. This effect leads to a compaction
front that travels laterally from the edge toward the cen-

ter. The propagation of this front is frequently referred to
as lateral drying.®!""'® Analytical expressions used in stress
measurement,'” assume homogeneous drying conditions;
hence, the effect of lateral and nonuniform drying on the
validity of stress measurement is of concern.!’

Several approaches have been taken to address these
concerns. Chiu and Cima® observed increased saturation
uniformity by decreasing the evaporation rate and the size
of their coating area. Price et al. ' added polydimethyl-
siloxane walls around the coating area to mitigate the
effects of lateral drying during stress measurement. The
walls encouraged uniform top-down drying or vertical dry-
ing, which improved drying uniformity and the accuracy
of cantilever beam-based stress measurement. For exam-
ple, they found that aqueous alumina coatings prepared
on cantilevers with walls experienced a delayed onset of
stress development, a steep stress rise, and a higher peak
stress as compared with coatings dried on cantilevers with-
out the walls present. Price et al.!' did not explore stress
development in coatings that crack.

In contrast, several authors have taken advantage of
lateral®! or directional'®2" drying to study coating frac-
ture fundamentals independent of stress measurement.
Holmes et al.® utilized laser speckle interferometry to
determine that particulate networks remain saturated dur-
ing fracture in laterally dried suspensions. Goehring et al.'®
later demonstrated that prior to cracking, two zones of
network formation occur with directional drying: an orga-
nized packing zone followed by an aggregation zone. They
found that particles initially organize at a packing front
and then aggregate into a network, where the particles
are in contact. They observed that cracks extend into the
aggregated network before the pore space empties and the
coating is fully dry.

Another method for characterizing coating fracture
resistance is to find the critical cracking thickness
(CCT).?"?? Coatings prepared with a thickness above the
CCT crack, while those with a thickness below the CCT
remain crack-free during drying. A higher CCT indicates
a greater resistance to fracture. Chiu et al.”' studied the
effect of various coating formulations and processing con-
ditions on the CCT experimentally. Additional research
has predicted relationships between particle size, coating
thickness, and fracture for both soft>* and hard®** parti-
cle systems. Thus, the drying stress both above and below
the CCT is of interest.

Previous studies of stress development have been lim-
ited to crack-free coatings in part because fracture relieves
stress, which impacts the interpretation of stress mea-
surement results.”® Additionally, some investigations of
stress development in hard particle cracking coatings have
observed gradients in saturation consistent with lateral
drying,® which complicates interpretation. Thus, the char-
acterization of stress development and cracking in the
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TABLE 1 Particle size from laser diffraction and suspension
information.
Particle
Name Dyo (um) D5, (pnm) Dy (pm) Span* loading
Silica-M0.9 0.747 0.873 0.959 0.242 30vol%
Silica-M0.3 0.246 0.272 0.338 0.338 30vol%
Zn0O-P0.4  0.224 0.435 0.971 1.72 20 vol%

*Span is defined as (Dgy—D;)/Dsy; lower span indicates a narrower particle
size distribution.

absence of lateral drying has yet to be documented. The
present work explores the conditions to encourage uni-
form drying for coatings prepared with walls and presents
a model zinc oxide system that exhibits uniform drying
as well as cracking. Using this system, the relationship
between coating stress and fracture is characterized.

2 | EXPERIMENTAL METHODS

2.1 | Materials

Aqueous suspensions containing silica were prepared
as follows. Two sizes of monodisperse silica particles,
D5, = 0.272 um and D5, = 0.873 um, (Itochu Plastics) were
studied (Table 1). Suspensions were electrostatically sta-
bilized in water by adjusting the suspension pH. First, a
solution of ammonium hydroxide in water was prepared
by adding 0.1 M ammonium hydroxide to distilled water
until the solution reached a pH of 9. Silica particles were
then added to the pH-adjusted solution to give the desired
volume percent loading in the suspension. The suspension
was stirred for 5 min and then sonicated for 5 min in a
bath sonicator (100 W, 42 KHz). This stirring and sonica-
tion routine was performed three times so that the particles
were adequately dispersed.

Analogously, aqueous zinc oxide suspensions were
prepared from a polydisperse zinc oxide powder,
Ds, = 0.435 pm, (US Research Nanomaterials). An
aqueous solution containing Darvan C-N dispersant
(Vanderbilt Minerals LLC) was prepared, such that the
desired dispersant dosage would be 0.35 wt% of the solids
in the particle suspension. This dosage is in line with
other stability investigations®’ and the manufacturer rec-
ommended 0.2-1 wt% based on dry body weight. Particles
were then added to the dilute Darvan C-N solution and
mixed in the same manner as the silica suspensions.
The final suspension had a pH of ~9. The zeta poten-
tial (Stabino, Microtrac) of the suspended particles was
—41.7 + 5.36 mV, confirming the suspension stability.

Laser diffraction (Bluewave, Microtrac) was used to
characterize the particle size distribution of each suspen-
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FIGURE 1
substrates. Top: Isometric view of the printing process with digital
optical micrograph of the wall cross-section. Middle: The nozzle
path for minimizing wall irregularities. Bottom: The final wall

Direct ink write printing of walls on silicon

geometry with a top-down digital optical micrograph of wall
corners. The end of the substrate without walls was later clamped to
form a cantilever.

sion formulation. A small volume of each suspension was
extracted and then diluted for measurement. Character-
istics of the particle size distributions and suspension
formulations are summarized in Table 1. Each suspension
is named for the type of particle (silica or ZnO), dispersity
(monodisperse—M or polydisperse—P), and the approxi-
mate D5, in microns. When characterized by dynamic light
scattering (NanoFlex, Microtrac), Silica-M0.3 was found to
have a polydispersity index of 0.0580.

2.2 | Cantilever wall fabrication

A flexible border or wall, similar to that used by Price
et al.,'' was placed around the perimeter of the silicon
cantilever beam used in stress measurement to mitigate
the effects of lateral drying. Silicon substrates were cut
from single-sided or double-sided polished silicon wafers
(WaferPro) into 60.0 by 6.0 mm rectangles. A polished
side was used for laser reflection in the measurement;
there were no observable effects of the surface polish
of the opposing side on the stress measurement. Can-
tilever walls were then 3D printed onto the substrate in
a single layer using a custom direct ink write printer.®
The printer features a pneumatic pressure system for
dispensing commercial silicone caulking (GE Silicone 1,
Momentive Performance Materials LLC) with a 0.41 mm
diameter polypropylene nozzle (Nordson EFD), using a
5mm/s print speed, 40 psi pneumatic pressure, and 225 ym
layer height. For the geometry in Figure 1, a correspond-
ing G-code was generated in Slic3r software and executed
within the printer operating software, Repetier (Hot-World
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(A) Schematic diagram of the components of

FIGURE 2
cantilever beam-based stress measurement apparatus. See text for
description. (B) Edge on (mid-plane) and top-down diagrams of the
cantilever with geometric parameters in Equations (1) and (2). The
deflection is exaggerated and the schematics are not to scale.

GmbH & Co. KG). To confirm the morphology and width
of the cantilever walls, images were taken with a digital
microscope (Hirox). Images of the final cantilever walls
are shown in Figure 1. The final cross-sectional width of
the printed walls averaged 450 um, slightly larger than
the print nozzle diameter due to the wetting of the liquid
extruded polymer on the substrate.

2.3 | Coating stress measurement

Cantilever beam deflection is a common technique used
to quantify the stress developing during drying. The appa-
ratus described in Payne et al.'* and Price et al.! was
updated and adapted for this research. Figure 2 shows
an overview of the measurement portion of the appara-
tus, which is mounted on a rigid frame and includes a
chamber surrounding the cantilever and appropriate laser
safety shielding. A walled silicone substrate was fixed on
one end to form a cantilever beam. A diode laser (CVI
Melles Griot) was used to generate a beam that reflects off
the bottom of the cantilever to a position-sensitive detec-
tor (Duma Optronics). A 635 nm bandpass filter (Thorlabs
Inc.) was attached to the position-sensitive detector to
minimize measurement noise. A digital camera (Hitachi

KP-050) and lens assembly (Navitar 1x-6x-0.25x) were used
to capture the coating surface during stress measurement.
To prepare for an experiment, the substrate is first cleaned
and calibrated. The cantilever substrate and its holder are
plasma cleaned (Harrick Plasma Inc.) for 1.5 min at 0.9 torr.
After cleaning, the cantilever and holder are returned
to the apparatus. The cantilever deflection, as measured
by the position-sensitive detector, is then calibrated with
known displacement from a micrometer pushing on the
end of the cantilever.

To prepare for the deposition of the coating, the trans-
fer rod is used to move the cantilever and holder into
the coating position, where a small block supports the
cantilever. A known volume (34.0-62.8 uL) of suspen-
sion is deposited uniformly across the substrate using a
micropipette. The deposited suspension levels within ~1-
2 seconds of application. The coated cantilever is then
pulled into the measurement position, which allows for
free deflection. For all measurements, the chamber around
the cantilever was open to the air (on the top and on one
side) with no additional airflow. Coatings were dried in
ambient conditions at temperatures and relative humidi-
ties ranging from 22.1-23.4°C and 14%-58% RH. Whenever
possible, experiments comparing the effect of suspension
deposition volume, or dried coating thickness, were run
on the same day to avoid drying rate differences due to
RH variation. On any given day, the humidity varied by no
more than +3% RH. When comparing experiments from
different days, drying times were normalized to accommo-
date drying rate differences. The temperature variations
were considered negligible. During drying, the cantilever
deflected upward due to tensile stress in the coating. The
deflection was monitored in situ during drying, and the
coating surface was imaged simultaneously using the cam-
era. A Dazzel video capture device and Pinnacle software
(Alludo) were used to capture video footage.

The measured deflection (d) was converted into a coat-
ing stress (o) using an analytical expression derived by
Corcoran'’:
B dEt>
7T+t A=)

dE.(t; + t.)
L2A-v,)’

¢y

where E, t;, and vg are the elastic modulus, thickness,
and Poisson’s ratio of the substrate, respectively, E., t., and
v, are the corresponding values for the coating, and L is
the cantilever length. Equation (1) assumes small, one-
dimensional deflections and linear elastic mechanics. The
second term in Equation (1) is negligible if the thickness
and elastic modulus of the coating are much smaller than
the corresponding values of the substrate. Using values for
the silicon substrate (£, = 0.52 mm and E; = 169 GPa*’) as
well as conservative values for the particulate coatings (¢,
~ 150 um and E,. ~ 0.2 GPa®"), the second term could be
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eliminated with <1% error. Hence, this term was not used
in the calculation. The decrease in coated area of the sub-
strate associated with the presence of the flexible wall was
corrected with a factor determined by the width of the sub-
strate (wy) relative to the width of the coated area (w,).
This wall has no other mechanical impact on the measure-
ment due to the low modulus of silicone.!! The resulting
expression, Equation (2), was used to convert the measured
deflection to coating stress. The elastic modulus and Pois-
son’s ratio of the silicon substrate were taken as 169 GPa
and 0.064, respectively.”’

dEt? Wy

7= :)’tcL2 (ts + tc) (1 - Vs) We (2)

2.4 | Dried coating thickness
characterization

Dried coating thickness was characterized by two meth-
ods. First, the average thickness was determined from 30
thickness measurements taken over the coating surface
with a digital micrometer (Absolute ID-C112TB, Mitutoyo
Corp). Using the average thickness in the conversion of
measured deflection to stress is a typical practice.'*! In
this work, average thicknesses are reported with their
respective expanded uncertainties (+A) based on a 95%
confidence level. Second, an optical microscopy method
was used to qualitatively assess cross-sectional thickness
uniformity on selected samples. Coated cantilevers were
embedded in resin and freeze-fractured to expose the coat-
ing cross-section for optical imaging (Hirox). Full details
on these characterization methods and resulting data are
included in the Supporting Information (S1) available
online.

As discussed in the following sections, cantilever walls
were effective at preventing premature solidification of
the edges and saturation gradients, which is important for
understanding the stress development during drying.'*!!
It is important to note, however, that contact line pinning
at the walls does lead to an increase in coating thickness
adjacent to the walls,*” as evident in Figure Sl available
online. Nevertheless, we expect widthwise thickness gradi-
ents to have less impact than lengthwise gradients because
they act perpendicular to the one-dimensional deflection.
In the present work, the lengthwise thickness variation
(~standard deviation/average thickness) was notably less
than the variation over the entire coating area, which
includes the widthwise contribution. Due to the uniform
saturation and solidification during drying, as well as
minimal lengthwise thickness gradients, we believe that
calculating stress using an average thickness in Equa-
tion (2) is reasonable. Upon propagating the uncertainties

it American Ceramic Society

from the coating thickness, the expanded uncertainties
on the peak stresses reported in this work ranged from
0.1 to 0.2 MPa. More details on this uncertainty analysis
are provided in the Supporting Information (S2) available
online.

2.5 | Dried coating microstructure
imaging

The dried ZnO-P0.4 coating microstructure was character-
ized using Field Emission Scanning Electron Microscopy,
FE-SEM (Hitachi SU8230). To characterize the coating
microstructure adjacent to the substrate, double-sided car-
bon tape was positioned onto a pin mount, then pushed
against the top surface of a coating and pulled off to remove
pieces of delaminated coating from the substrate. Before
imaging, samples were sputter coated (Lecia) with 10 nm
of platinum. SEM images were taken at 1.5 kV and 1.0 pA,
utilizing the low-angle backscattering detector and the
secondary electron detector at 80% suppression.

3 | RESULTS AND DISCUSSION

3.1 | Stressin crack-free and cracking
silica particle coatings

Figure 3 shows stress development profiles and repre-
sentative surface images for coatings prepared from the
Silica-MO0.9 suspension. Coatings with different thick-
nesses were prepared by depositing different volumes of
suspension (34.0 + 0.8,48.8 + 0.8, and 60.8 + 0.6 uL) within
the walled cantilevers. The average thicknesses of the coat-
ings in Figure 3 were 50 + 8, 77 + 10, and 93 + 16 pm,
respectively.

The surface of the drying crack-free coating, as shown
in Figure 3 images (A)-(E) using the example of the thick-
est coating, showed a uniform appearance throughout
the coating area, indicating negligible saturation gradients
from lateral drying."! Thus, the stress development profiles
and images in Figure 3 benchmark the case of stress devel-
opment in crack-free uniformly dried particulate coatings
(i.e., those that do not experience an in-plane saturation
gradient'?). The results are consistent with those reported
by Price et al.,'"! who used Cryo-SEM to verify the coat-
ing microstructure at different stages of drying and stress
development for similar monodisperse silica coatings.

The stress profiles in Figure 3 show a delay in the
onset of tensile stress development after deposition. The
uniform appearance and the absence of stress during this
stage indicate that the walls prevent premature solidifica-
tion of the edges, which would lead to a transient in-plane
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FIGURE 3
from Silica-MO0.9 suspension. Top: Data for coatings with average

Stress development profiles for coatings prepared

thicknesses of 50 + 8 ym, 77 + 10 ym and 93 + 16 um. Bottom:
Images of the surface of the thickest coating taken in situ during
drying at time points (A)-(E), as noted on the stress measurement
data. Data were collected at 22.6°C and 18% RH.

stress gradient. Based on our in situ images and the work
of Price et al.,'' the suspensions are supersaturated in
the early stages of drying. For example, Figure 3 image
(A) shows high reflectivity; hence, the coating is still a
liquid. Particles rearrange freely as the water evaporates;
hence, no stress develops. The surface reflection changes
in images (B) and (C) are concurrent with a rapid increase
in coating stress. At this stage, the particle concentration
is high enough for the formation of a solid particulate
network!! that cannot shrink freely during drying, leading
to stress development. The coating appearance becomes
translucent, which is especially evident in image (C).

The formation of liquid menisci between particles in the
packed network is coincident with the rise in stress to a
peak.!! The magnitude of the stress at this peak depends
on the characteristics of the particles, including particle
size, as well as the drying conditions. After the stress peak,
further drying leads to a decrease in stress as the liquid
menisci recede and less of the coating is under the action
of the capillary pressure. The formation of air-filled pores
leads to an increase in scattering and brightness of the coat-
ing; see Figure 3 image (D). Ultimately, the coating reached

a final nonzero value for stress (E), likely due to resid-
ual water within the network." Prior to reaching this final
residual value, there was a dip in stress. This dip has been
observed in other stress measurement profiles’ and may be
aresult of local particle rearrangement before reaching the
residual stress value.

As evident in Figure 3, the stress profiles of coatings
from all three coating thicknesses have similar shapes,
though thicker coatings experience a longer initial stress-
free period. The point of peak stress occurred later for
thicker coatings due to the additional water evaporation
needed to reach the concentration for a packed particle net-
work. For the range of thicknesses tested, the peak stress
showed no dependence on average coating thickness. In
prior work, Perera®® studied the effect of thickness on coat-
ings prepared from suspensions containing pigments and
latex binders and also found no detectable change in the
maximum stress with thickness.

Unfortunately, the Silica-M0.9 coating system could not
be used to study stress development and fracture. The
CCT of the coating was over 150 um. Achieving this high
thickness would require much taller walls and would
lead to a larger error when neglecting the second term
in Equation (1). The Silica-M0.3 suspension, containing
smaller silica particles, was therefore selected for analyz-
ing coating stress and fracture. The smaller particle size*"**
contributed to a lower CCT (<20 pm). Images showing the
resulting coating microstructure at the top surfaces of both
silica coatings are shown in Figure 4.

Figure 5 shows stress development and images of the
coating surface for coatings prepared using Silica-MO0.3.
Initially, the coating was stress-free and in a supersatu-
rated state, as demonstrated by the reflectance in image
(A). Beginning in image (B), a lateral drying front moves
inward from the free end of the cantilever. Ahead of the
lateral front, the supersaturated suspension reflects light
back to the camera. Behind the lateral front, the coating
appeared translucent and matte gray in color, indicating
a saturated compacted network. Stress begins to rise with
the onset of the lateral drying front, demonstrating the con-
nection between local solidification and a gradual stress
increase.!'¢

In Figure 5 image (C), an opaque white color consis-
tent with a dried porous coating appears near the free end.
Faint streaks of porous white coating extend from the wall
into the center of the translucent compacted network and
follow along cracks. Meanwhile, the reflective supersatu-
rated region ahead of the lateral front continues to recede
into the coating center. At the time of peak stress, the lat-
eral front dissipates into a local depression or trench® as
saturation gradients remain. After the peak, stress drops
rapidly and then gradually as the remaining water evapo-
rates. When the coating is fully dry, as in image (E), the
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FIGURE 4 SEM images taken at the top surface of coatings made from (A) Silica-M0.9 and (B) Silica-M0.3 suspensions.
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FIGURE 5 Stress development for coatings prepared from
Silica-M0.3. Top: Stress measurement data for a coating with an
average coating thickness of 77 + 8 um. Bottom: Images of the

coating surface taken in situ at the time points indicated. The
magnified image on the bottom right shows cracking on the dried
coating surface (E). Data were collected at 22.1°C and 56% RH.

coating displays opalescence, which indicates organized
particle packing at the surface.** As demonstrated in the
higher magnification image of the final dried coating sur-
face (see Figure 5), the coating cracked during drying.
Cracks perpendicular to the coating wall were apparent

along the cantilever length. Though the coating cracked as
anticipated, the stress measurement results were not ideal
because lateral drying occurred despite the presence of the
walls.

3.2 | Effect of particle distribution on
drying uniformity

Given the nonuniformity in saturation during drying
shown in Figure 5, the interpretation of stress develop-
ment and fracture was not clear. One hypothesis is that
the difficulty in uniformly drying the Silica-MO0.3 system
is linked to particle distribution through the coating thick-
ness during drying, which can be predicted using the
model developed by Cardinal et al.*® In their work, Car-
dinal et al.* created a map that shows the Peclet number
(Pe) on the y-axis, where (Pe = EH,/D,,) and the sedimen-
tation number (N;) on the x-axis, where (N; = U,/E). In
these dimensionless numbers, (E) is the evaporation rate
as given by the velocity of the free surface, (H,) is the
initial coating thickness, (D,) is the Stokes-Einstein dif-
fusion coefficient, and (U,) is the sedimentation velocity.
Figure 6 shows the model results as a drying regime map
from Cardinal et al.*> with information relevant to the cur-
rent research added. For additional details on the model
estimations and calculations, see Supporting Information
(S3) available online.

The predictions from Figure 6 show that the smaller sil-
ica particles (Silica-M0.3) lie in the evaporation region and
are predicted to accumulate at the free surface during dry-
ing. Meanwhile, the larger silica particles (Silica-M0.9) are
predicted to sediment during drying, though the position
on the map indicates the possibility of some accumula-
tion from evaporation. For the 30 vol% Silica-M0.9 coating,
sedimentation allows the coating to form a continuous
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FIGURE 6 Top: Diagrams showing particle distributions
through the thicknesses of coatings dominated by evaporation (E;
particle accumulation at the free surface), diffusion (D; uniform
particle concentration), and sedimentation (S; particle
accumulation at the substrate). Bottom: Drying regime map from
Cardinal et al.*® with boundaries for distribution regions given two
initial particle volume fractions (¢, ). Peclet number (Pe) and
sedimentation number (N;) were estimated to place the particle
systems used in this research on the map.

consolidated region adjacent to the substrate; this result
is consistent with the Cryo-SEM study by Price and
coworkers.!! Such a coating is likely to remain uniformly
saturated during drying. By contrast, in the 30 vol% Silica-
MO0.3 coatings, particles appear to accumulate at the free
surface during drying, as evidenced by the opalescence in
our images. Luo et al.,** documented such opalescence
with the ordering of monodisperse particles accumulating
on the free surface of a drying coating using Cryo-SEM.
Therefore, in the Silica-M0.3 coatings, particles likely con-
solidate into a network on the surface, leaving pockets
of unconsolidated suspension adjacent to the substrate
in the thicker regions near the walls.*’> These inherent
nonuniformities in saturation may lead to lateral drying.
An impractically low drying rate would be necessary
to dry the Silica-MO0.3 coatings outside of the evaporation
region. Hence, an alternative particle system was selected.
Since sedimentation is impacted by particle density, denser
particles are more likely to dry in the sedimentation region
with practical drying times. It is interesting that the work
of Bauer et al.'” is consistent with this expectation. They
report uniform drying and stress development in coatings

1 um

FIGURE 7 SEM Images of the (A) top and (C) bottom surface
of a 46 + 5 um thick ZnOP0.4 coating, and the (B) top and (D)
bottom surface of an 86 + 7 um thick ZnOP0.4 coating. The thinner
coating (A) and (C), and thicker coating (B) and (D) show similar
surface microstructure.

prepared from suspensions of zirconia particles, which are
relatively dense compared with silica.

To improve saturation uniformity in coatings prepared
from suspensions with smaller-sized particles, a denser
material, zinc oxide (o = 5.61 g/cm?, over twice the density
of silica), was selected. The polydisperse zinc oxide powder
used in this research is described in Table 1 (ZnO-P0.4).
Although the model discussed above assumes monodis-
perse particles, we can predict the drying regime for
different particle sizes of zinc oxide and use this prediction
as a guide. Considering the particle size distribution, the
drying regime for the 20 vol% ZnO-P0.4 system is plotted
as a line in Figure 6, with the left end of the line represent-
ing the smallest particles and the right end the largest. The
distribution is split between the sedimentation-dominated
regime and the evaporation-dominated regime. There-
fore, some particles may accumulate on the free surface
and potentially disrupt drying uniformity. Nonetheless,
the system is promising due to the tendency toward
sedimentation.

To explore the role of polydispersity on microstructure,
SEM images were taken of both the top (free surface)
and bottom (substrate adjacent) surfaces of the ZnO-P0.4
coatings prepared at two different coating thicknesses (see
Figure 7). The thinner, 46 + 5 um, and thicker, 86 + 7 um,
coatings showed a higher concentration of large particles
at the bottom surfaces and an abundance of small particles,
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with some large particles interspersed, at the top surfaces.
Thus, there was some stratification in these coatings dur-
ing drying, consistent with that noted in other polydisperse
systems.'>*~%" Based on the SEM images, this stratifica-
tion appears to be very similar for both the thin and thick
coatings. Thus, stratification is not expected to impact
comparisons of stress profiles between thin and thick
coatings.

3.3 | Stress and fracture in zinc oxide
particle coatings

To explore stress development in cracking coatings, a range
of volume of the ZnO-P0.4 suspension was deposited on
walled cantilevers to give dried coating thicknesses above
and below the CCT. Coatings did not crack when the
dried thicknesses were below ~53 um, so this value was
considered the CCT for this study. Fractures tended to
begin at the wall where the coating was locally thicker;
the dried coating was considered cracked if the cracks
were visible during video imaging. No cracks were visi-
ble under an optical microscope (Hirox) in coatings with
thicknesses below the CCT. Figure 8 shows stress devel-
opment data and surface images from zinc oxide coatings
with thicknesses below and above the CCT.

The stress profile for the thinner, crack-free coating has
a similar character to the uniformly dried Silica-M0.9 sus-
pensions in Figure 5. Likewise, Figure 8 images (1a)—(le)
shows no indication of lateral drying or cracking. As in
the case of Silica-MO0.9 (Figure 5), Figure 8 shows that
the ZnO-P0.4 coating is stress-free early in drying (1a,
1b). The coating experiences a steep increase to a peak
(1c), presumably due to the formation of liquid menisci
within the compacted particle network, followed by a
stress decline (1d) as water evaporates from the particle net-
work. Once dried (1e), the ZnO-P0.4 coatings have a flat
white appearance under room lighting conditions.

Figure 8 also shows the stress profile and surface images
for a thicker coating. Like the thinner coating, the thicker
coating is stress-free in the early stages of drying (2a)
when the suspension is supersaturated. The thicker coat-
ing remains stress-free longer than the thinner coating, as
expected. The stress then rises sharply to a peak stress (2b).
Cracks appear just after the point of peak stress, becoming
readily visible in Figure 8 image (2c). It is likely fracture
begins with cracks too small to visualize with the camera;
however, with our present imaging system, it is difficult
to provide a more exact time point for fracture onset. As
shown in images (2c)-(2¢), many of the initial cracks in
the dried coating are perpendicular to cantilever walls, and
then, in some places, secondary cracks appear to connect

Journal | s
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FIGURE 8 Stress development for coatings prepared from the
Zn0-P0.4 suspension. Top: Stress measurement data for a thinner,
crack-free coating (blue) with a thickness of 40 + 8 um and a
thicker, cracked coating (black) with a thickness of 77 + 10 um.
Bottom: Images of the coating surfaces taken in situ at the time
points indicated. Data were collected at 22.1°C and 14% RH.

two or more of these cracks to form islands. This sort of
cracking pattern is characteristic of mud cracking.**-
After the peak, stress decreases with further drying at
points (2c) and (2d), as shown in Figure 8. Unlike the crack-
free coatings, the stress drop in the thicker, cracked coating
has two stages: a rapid decrease ((2b), (2c)) followed by
a slower decrease ((2c)—(2e)). After time (2d), the extent
of fracture at the coating surface remains unchanged.
However, localized curling of delaminated coating sec-
tions continues until (2e), after which the coating surface
remains unchanged. It should also be noted that after
cracks form, the coating is not a continuous solid, and
hence, the conversion of the measured deflection to stress
is no longer strictly valid. However, fractured sections that
remain adhered to the substrate continue to contribute
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to the deflection. Therefore, the calculated stress after
cracking is a useful metric for comparison.

With uniform drying conditions in the ZnO-P0.4 coat-
ing, stress measurements showed the sequence of events
associated with coating fracture during drying more clearly
than the Silica-MO0.3 coatings, which did not dry uni-
formly. Given that the first stage of the stress decline in
Figure 8 ((2b), (2c)) coincides with the appearance of the
cracks, we expect that this initial rapid decline is pri-
marily due to cracking. The second intermediate stage
((2c), (2d)) appears to include a contribution from crack-
ing as well as evaporation. The final slower stage of stress
decrease ((2d), (2e)) is likely dominated by water loss
from the particulate network due to evaporation, as it
resembles the slower decline observed for crack-free coat-
ings and visible changes to cracks do not occur in this
period. This sequence aligns with other work in one-
dimensional drying,'® where cracking occurs just after the
coating irreversibly aggregates into a solidnetwork, and
cracks remain present throughout the emptying of the pore
space.

In Figure 8, the peak stress for the thinner coating is
similar in magnitude to the peak stress experienced by the
thicker coating, yet it did not crack. This result is expected
based on the following definition of the CCT: the thick-
ness above which the extension of a crack is energetically
favorable.***! Lange et al.*’ used an energetic analysis to
show that the rate of free energy reduction with crack
extension is higher in thicker coatings and those under
higher stress. Hence, for coatings experiencing the same
stress, crack extension is more likely to be energetically
favorable in the thicker coating.

To observe the relationship between stress and coat-
ing thickness, the ZnO-P0.4 suspension was deposited
in varying volumes, and drying stress was measured for
coatings ranging in average thickness from 38 to 97 ym.
For crack-free coatings, the peak stress was found to
be ~1.0 MPa as the average thickness varied from 38
to 53 pym, with no relationship between thickness and
peak stress observed. Coatings between 53 and 74 um
would sometimes crack, whereas coatings greater than
74 um consistently cracked. The unreliable fracture for
coatings between 53 and 74 pm could be due to the
variability of the coating thickness (see Supporting Infor-
mation (S1) available online) as well as variability in flaw
populations.

To better compare the stress profiles of cracking zinc
oxide coatings with crack-free coatings, Figure 9 shows the
data from Figure 8 (coatings (A) and (B)) replotted with
data from additional cracking coatings (C-E), and the dry-
ing time was normalized to the time when the coating
reached its peak stress (f;,a¢)- This scaling is analogous to
that used by Tirumkudulu and Russel,** and accounts for

1.0

0.0 Ghaimalnh RN _ T

0.0 0.5 1.0 1.5 2.0

Normalized Time (t,, =t ,,)

FIGURE 9 Top: Data from Figure 8 (coating (A) - crack free
and coating (B) - cracked) along with three other ZnO-P0.4 cracking
coatings (C)-(E) plotted as stress as a function of normalized time.
The average thickness of coatings (C)-(E) were 93 + 10 pm,

86 + 7 um, and 87 + 5 um, respectively. Data for (C)-(E) were
collected at 22.2°C and 28% RH. Bottom: Images of the final dried
coatings.

the effect of coating thickness and the drying rate associ-
ated with different relative humidities. Because the coat-
ings dried uniformly, the time of peak stress occurs when
the coating reaches equal saturation over the coating area
and at an equal liquid volume fraction for all coating thick-
nesses. In Figure 9, both crack-free (A) and cracked coat-
ings (B-E) reach a peak stress at normalized time (¢, = 1)
as expected, and all profiles (A-E) reach stable, residual
coating stress at approximately the same normalized time
(t, ~1.4).

All of the cracking coatings (B)-(E) in Figure 9 reached
similar peak stresses. For cracking particulate coatings,
it has been predicted that the critical stress for fracture
decreases with increasing thickness.”* However, there was
insufficient data to quantitatively describe the relationship
between peak stress and thickness in this work. Nonethe-
less, we observed that variations in the extent of fracture
resulted in different stress profiles after the peak stress.
Notably, coatings (D) and (E) had nominally the same
average thickness at ~86 um, yet the stress profiles (D) and
(E) are noticeably distinct. Coating (D) experiences a large
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drop in stress during fracture, like coating (B). However,
coating (E) experienced a lesser drop in stress immediately
after reaching its peak. As shown in the images of the
dried coatings in Figure 9, coatings (B) and (D) have mud-
like cracks perpendicular to the length of the cantilever,
whereas coatings (C) and (E) both have larger cracks
parallel to the length of the cantilever and delamination.
Additionally, the coating (E) has fewer cracks, with only
one large crack and delamination adjacent to the coating
wall. It follows then that the nature of stress release is
related to the extent of fracture. If the coating cracks to
a greater extent, with longer crack lengths apparent once
fully dried, the stress profile shows greater stress release
just after the time of peak stress.

4 | CONCLUSION

This study demonstrates a method for studying coating
stress and fracture with cantilever beam deflection. There
were two keys to the development of the method. First, uni-
form drying (i.e., without in-plane saturation gradients)
was encouraged using cantilever walls to prevent pre-
mature solidification at edges. Second, to achieve drying
uniformity in coatings that also crack, the particle system
was selected such that the particles were small enough for
cracking to occur at a practical CCT and dense enough
so particle accumulation at the free surface during dry-
ing was limited. In this work, zinc oxide with an average
size of ~0.4 um was selected, but many other ceramics
could be studied, and it is possible to also decrease the
drying rate to broaden the range of particle density. With
this method, the stress profile features that correlate with
cracking in particulate coatings were also identified. All
coatings were stress-free during drying until the particle
concentration reached compaction at which time the stress
rose to a peak. After the peak stress, differences between
crack-free and cracking coatings were apparent. The signa-
ture of a cracked coating is a two-stage stress decline after
the peak: a steeper decline due to cracking and a slower
decline due to the evaporation of water from the pore space
and lessening of the capillary pressure effect. This sig-
nature can be useful to identify the formation of cracks
during drying. Additionally, it was also possible to qual-
itatively determine the extent and nature of cracking by
examining the stress release in time-normalized stress pro-
files. The method is therefore well-suited to studies aimed
at assessing formulation or process changes designed to
prevent cracking. Future developments of this method
include improving the coating thickness uniformity by
decreasing the contact line pinning on the walls and
enhancing the in situ imaging technique. These improve-
ments would allow for comparisons with theoretical
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predictions'>**

fracture.

and a better understanding of the onset of
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