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Salinity induced stiffening of drying particulate film and dynamic warping
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When the particle dispersion is dried, its constituents consolidate to form a solid particulate film, resulting in
a transition from a liquid to a solid phase. The resultant particulate film stores the strain energy, which builds up
during its formation and is often released to crack and warp. Here, we investigate the dependence of ionic strength
of dispersion on the mechanical property of a resultant dried particulate film in conjunction with their role in
warping. We show that the increasing ionic strength results in a faster consolidation of its constituents, increasing
interparticle adhesion, thereby changing the particulate film’s Young’s modulus and limiting the drying induced
warping. We explain this phenomenon using a theoretical model, wherein we show that the differential shrinkage
during the drying in the particulate film generates the strain gradient, which later results in warping. Furthermore,
our calculation shows that the curvature of a warped region is proportional to the strain gradient and is inversely
proportional to the particulate film’s Young’s modulus.
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I. INTRODUCTION

Drying particle dispersion and its transformation into a
particulate film is a complex physical process wherein the
constituting particles consolidate due to fluid evaporation
[1–5]. The evaporation induced drying is considered one of
the amenable methods to obtain a particulate film or func-
tional coatings [1,2,4]. However, the particulate films often
accompany mechanical defects such as cracks, debonding,
and warping, which result in material failure [2,6–10]. In-
terestingly, such defects are also seen at geological length
scales, e.g., mud cracks and warping on the dried river bed
[11,12]. The formation of particulate film and the mechan-
ical defects depend on several parameters: physicochemical
condition [7,13], shape [5] and size of constituting entities
[14], evaporation kinetics [3,15], etc. In principle, the defects
nucleate due to the release of excess strain energy that accu-
mulates during the drying. This strain energy develops during
the evaporation induced consolidation of particles [12,16,17].
From Griffith’s criterion, releasing excess strain energy equals
the energy essential for creating new surfaces through defect
nucleation. For example, during the formation of cracks, the
energy released is equal to twice the surface free energy (asso-
ciated with newly created surfaces) [17], and its equivalent to
the sum of adhesion energy and bending energy for warpings.

The particulate film has several technological applications
and is realized in various forms, such as the coating on elec-
trodes [18], colloidal crystals and paintings, etc. [1–5]. Over
the past few decades, the research on drying induced cracks
and their manifestation into different morphological forms
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has gained much attention [12]. More focus was on crack
morphology and their evolution as a function of constitut-
ing particles’ shape and size, physicochemical condition and
salinity, etc. [3]. The mechanical properties of a particulate
film play a significant role in the nucleation of mechanical
defects. For example, warping in the particulate film varies
with the film’s Young’s modulus [19–21]. As a result, the par-
ticulate film tends to bend if the film is stiff, while it does not
bend when it is soft. For practical applications, the particulate
film should be defect free, i.e., they should not crack or warp.
Consequently, developing a new design principle is essential,
and it requires an in-depth understanding of the phenomenon
under different experimental conditions. For such purposes,
varying the physicochemical aspect can be helpful, as it is one
of the control parameters that can modulate the evaporation
induced consolidation process, which could further affect the
film’s mechanical integrity and therefore the resulting defects.
Here, in this paper, we investigate the role of physicochemical
aspects on particulate film by altering the ionic concentration
I in the aqueous phase. On adding NaCl salt in an aqueous
phase of dispersion, the ionic charges adsorbed onto the sur-
face of the particles are screened, resulting in a variation in
I , which further introduces the attractive interaction between
the constituents and creates faster consolidation [13]. Further-
more, it modulates the mechanical properties of a resultant
particulate film. Consequently, we observe that the Young’s
modulus of a dried particulate film increases, i.e., the film gets
stiffer. In addition, the particulate film warps, which persists at
low salt concentrations and gets suppressed at a higher NaCl
concentration. We explain our observation by a simple model
which shows that the differential shrinkage induced strain
gradient plays a crucial role in the bending of the particulate
film and generation of warping. In addition, our calculation
shows the intricate correlation between the curvature of a
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FIG. 1. Left: The schematic depicts the sessile drop evaporation.
Right: Side view of dried particulate films formed after the evapo-
ration of fluid from the sessile drop. The marked symbols, δ1 and
δ2, refer to the deflection of the left and right sides of the warped
particulate film.

warped particulate film, the strain gradient, and the particulate
film’s Young’s modulus.

II. MATERIALS AND METHODS

A. Drying experiments

We perform sessile drop drying experiments to investi-
gate the particulate film’s mechanical properties and drying
induced warping (as shown in Fig. 1). Here, the drying dis-
persion comprises silica particles commercially known as
Ludox HS-40 (Sigma Aldrich, USA), with the diameter of
the constituting particles being a = 12 nm and the surface
area of 220 m2/g. The pH of stock dispersion is 9.8. In
the present study, we perform experiments at various particle
concentrations, φ ∈ [2 wt %, 40 wt %], obtained by diluting
the stock dispersion with milli-Q water (resistivity of 18.2
M� cm). The ionic strength I of dispersion is varied between
0.01 and 0.5 mol/L by adding NaCl salt. For experimentation,
we choose microscope glass slides as a substrate. These glass
slides are sonicated for 30 min, washed with the soap solution,
cleaned with milli-Q water, and dried with dry N2 gas. The
contact angle θc of water on these glass slides is estimated
to be 16 ± 2◦. In typical experiments, we place a drop of
specific volume 10 µL on a substrate and then investigate the
formation of drying induced warping. The droplet was then
allowed to dry at an ambient atmosphere with temperature
T = 25 ± 2 ◦C and relative humidity RH = 40 ± 5%. Under
these conditions (absence of convection in the vapor), the
water molecules transfer into the atmosphere through diffu-
sion. For monitoring the drying kinetics, we use a home-built,
long-working distance microscope comprising a telescopic
lens (from Optem, USA) and a variable objective (2×–10×).
In addition, an IDS camera integrated into the droplet shape
analyzer (DSA 25S from Kruss GmbH, Germany) captures
the colloidal dispersion’s drying and warping dynamics.

B. Rheological characterization

The rheological measurements of colloidal dispersions are
performed with an imposed shear rate rheometer (Contraves
Low Shear LS30) equipped with a concentric-cylinder Cou-
ette type. For the rheological study, we first prepare the
colloidal dispersion with a specific NaCl content by mixing
NaCl with a vortex stirrer for 30 s. Then, we load the disper-
sion into the sample cell for testing. Finally, we measure the
viscosity in the absence of evaporation. Note that here, to pre-
vent evaporation, we cover the sample cell with a wet sponge

FIG. 2. (a) Dimensionless viscosity (η/η◦)−1/s vs time for HS40
dispersions exhibiting different ionic strengths I (η◦ is the initial
viscosity of the dispersion). The exponent s is chosen to fit the
measurements along a straight line when t → tg (s = 1.6). (b) The
resulting gelation time is plotted as a function of the ionic strength in
a log-log scale.

cap. The experiments are performed at a constant shear rate
of 0.3 or 3 s−1, respectively. Interestingly, both shear rates
give similar results. We present here only the results with
3 s−1 as shown in Fig. 2(a). Our measurements reveal that
in the absence of evaporation, the viscosity of salty dispersion
increases first slowly and then diverges. We understand the
temporal variation of the viscosity using a scalar percolation
model of the sol-gel transition [22] following the equation

η ∝ η◦
(tg − t )s

, (1)

where s is a characteristic exponent. In agreement with the
percolation theory, Eq. (1) is valid for t close to tg. Hence, for
each series of dots in Fig. 2(a). the value of s is determined to
obtain an alignment of the values corresponding to (η/η◦)−1/s

on a line in the vicinity of t = tg. The resulting gelation time
tg exponentially decreases with the ionic strength I of the
dispersion [as shown in Fig. 2(b)], which directly implies
that the dispersion with a higher NaCl content results in a
relatively faster consolidation. Note that in the presence of
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FIG. 3. Mechanical characterisation using indentation testing in the geometry sketched in side view and imaged in (a). (b) Spherical
indentation load displacement showing load-unload curves (applied force F vs penetration depth p). The Young’s modulus value is derived
from the slope of the unloading part at the maximum load; the dashed line represents a guide for the eye for the best fits of the slope of the
initial unloading for the case I = 0.03 mol/l. (c) Plot of Young’s moduli as a function of the film ionic strength from the Oliver-Pharr method.
The dashed lines correspond to the scaling law from equation (5).

evaporation induced drying, the consolidation time depends
on another additional timescale, namely, the evaporation
time.

C. Mechanical characterization

The elastic moduli of the solid particulate films with var-
ious ionic strengths are measured using the indentation test
(Bio-indenter from Anton Paar). We use a spherical tip as an
indenter of radius R = 0.25 mm (the tip is assumed perfectly
rigid) [15]. We indent the sample with a fixed loading speed
of 100 mN/min and then measured the penetration depth p
as a function of the applied force F . Our testing specimen
(the particulate film) is a planar dried film adhering to a rigid
substrate (glass microscope slide), as shown in Fig. 3(a). The
thickness of the dried films, close to 200 µm, is at least 10
times larger than the maximum value of the penetration depth
of the indenter, limiting the influence of the substrate on the
measurements. Note that the film considered for the indenta-
tion characterization is much thicker than the warped film. We
typically perform mechanical testing a few minutes after the
formation of the cracking network; this avoids the formation
of cracks due to the contact of an indenter tip during the
measurement. It is worth mentioning that testing specimens
do not warp during the indentation experiment.

We extract the elastic properties of materials from the
unloading part of data using the Oliver-Pharr model [23,24].
Figure 3(b) shows the indentation force versus penetration
depth on particulate films with different ionic strengths. The
stiffness and therefore Young’s modulus of a solid film is
measured from the slope at the initial unloading curve,

dFmax

d p

∣∣∣∣
pmax

= 2√
π

Er

(1 − ν2)

√
Ap, (2)

where Er is the reduced Young’s modulus, pmax is the max-
imum displacement when the indenter is fully loaded, Fmax

is the maximum load at pmax, and Ap = π pmax(2R − pmax)
is the projected circular area of the contact for the sphere

indenter into a half space by a distance p = pmax. The Young’s
modulus E is derived from the reduced Young’s modulus [23].

III. RESULTS

A. Particulate film’s mechanical properties
and dependence on ionic strength

The Young’s moduli of particulate films are plotted as
a function of the ionic strength in Fig. 3(c). As shown in
Fig. 3(c), the Young’s moduli of particulate films increase with
increasing the content of NaCl in the film. This infers that
the addition of NaCl stiffens the dried particulate film. We
hypothesize that the stiffening of the particulate film is due
to the strengthening of the interparticle attractive interaction
between the silica particles [25]. From a macroscopic point
of view, the Young’s modulus E of the particle assembly con-
stituting the particulate film depends on the adhesion energy
between particles. If the adhesion energy between silica par-
ticles is noted W◦ without NaCl, then the increased adhesion
energy in the presence of NaCl, W = W◦ + W (I ). The reason
for such an increase in the adhesion energy is related to the
ionic bonding between particles. The Young’s modulus in
terms of adhesion energy is expressed as [26]

E ∝ φ4
(
E2

0 W/a
)1/3

, (3)

where E0 is the Young’s modulus of the particle material and
φ is the volume fraction. Assuming the linear dependence be-
tween W and I , i.e., W ∼ I . We perform a polynomial fitting
to the plot showing the variation in the Young’s modulus of a
particulate film versus I as shown in Fig. 3(b). The estimated
magnitude of E fits well with the scaling law expressed below,

E ∝ I1/3. (4)

Therefore, the Young’s modulus E increases nonlinearly with
I , also inferring a nonlinear increase in adhesion energy W
between the particles with the exponent being 1/3 or 0.33
approximately.
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FIG. 4. (a)–(f) Snapshots of drying sessile drop at different times, t varying from 0 to 764.32 s. As time elapses, the particulate film bends,
warping with increasing deflection amplitude δ. The desiccation time td is when fluid completely evaporates and the curling process completes.
At t > td , the particulate film completely fails, with films getting fragmented into pieces. (g) The plot of mean deflection δ̄ = (δ1 + δ2)/2 vs the
scaled time t/td . There are different regions, green, purple and pink, representing the different physical states of drying particulate film: (i) no
warping (green region), (ii) warping or bending of the particulate film (purple region), and (iii) complete failure, representing the fragmentation
(pink region).

B. Warping of a particulate film

In this section, we illustrate the morphological changes
in the drying dispersion (sessile drop) that consist of sil-
ica particles (10 wt %) as a function of drying time. In
Figs. 4(a)–4(f), we present the images showing the side
view of a drying droplet. It shows the transition from a
state of a liquid drop to a particulate film. The images in
Figs. 4(a)–4(f) are taken at different times t . As the liquid
evaporates, the dispersion solidifies to form a semisolid par-
ticulate film which originates from the evaporation induced
consolidation of silica particles. The solidification initially
starts from the droplet edge and then propagates towards the
interior of a drop (between t = 0 and 763.14 s). The drying
particulate film accompanies mechanical instabilities, namely,
warping that occurs from the droplet edge and proceeds to the
interior [shown in Figs. 4(b)–4(d)]. Finally, at the tail end of
drying at 763.18 s, the particulate film breaks into fragments
as shown in Figs. 4(e) and 4(f). During drying, the particulate
film’s edge continuously bends, resulting in its upward curling
(warping) in a nearly symmetric manner. It continues until the
film completely dries and fragments. From the side view, the
particulate film appears as a thin rectangular beam that bends
from both sides (left and right), resulting in its deflection δ1

and δ2 on the left and right sides, respectively. We quanti-
tatively characterize the warping process by estimating the
magnitude of the mean deflection δ̄ (= δ1+δ2

2 ) as a function of
drying time. The plot showing the variation in δ̄ with scaled
time t/td , where td is the desiccation time = 763.14 s is shown
in Fig. 4(g). The magnitude of deflection of a drying particu-
late film increases nonlinearly as a function of t/td until it
fragments. Based on the physical state of a drying particulate
film, we classify them as (i) no warping, (ii) warping, (iii)
complete failure. The “no-warping” regime corresponds to the
region where the film does not curl, the “warping” is a regime
where the film curls, and “complete failure” corresponds to
the region where the film fragments into pieces.

Next, on drying a particle dispersion in a fixed environmen-
tal condition but with varying salinity, i.e., at different molar
concentrations I (in mol/L) of NaCl, we observe the variation
in its warping. We monitor the sessile drop drying experiments
with colloidal dispersions at different NaCl concentrations I
(in mol/L) with a primary focus on their structural evolution
and transformation from a liquid to a dried particulate film.
In Figs. 5(a)–5(d) and Figs. 5(e)–5(h) we show the side view
and top view of the dried particulate film at various ionic con-
centrations, I ∈ [0, 0.06] mol/L, respectively. The side view
of the dried particulate films (just before fragmentation) with
different I shows that the particulate film detaches from the
initial pinning point (droplet edge), while the top view of the
particulate films shown in Figs. 5(e)–5(h) displays that the
warping accompanies radial cracks. Furthermore, we noted
that the mean crack spacing (averaged over length) in the
particulate film increases from 42 ± 12 to ∼72 ± 33 µm on
increasing I from 0 to 0.04 mol/L, and then at 0.06 mol/L it
decreases to 55 ± 23 µm. However, the spatial fluctuation in
the magnitude of crack spacing is quite large; therefore, it is
hard to infer anything from a quantitative analysis. Such subtle
differences in mean crack spacing at I = 0.04 and 0.06 mol/L
can occur due to the fluctuation in experimental conditions.
Irrespective of I , the crack pattern remains unaltered. From
Figs. 5(a) and 5(c), it is obvious that at I = 0 and 0.04 mol/L,
the dried particulate film warps and curls upward, while as the
NaCl content in the drying dispersion increases, the magni-
tude of δ̄max reduces, and at I > 0.06 mol/L, the particulate
film does not bend at all, i.e., no upward curling. Further,
to better visualize the warping dynamics and understand the
process, we plot the instantaneous mean deflection δ̄ for a
given I (in mol/L) as a function of scaled desiccation time
t/td as shown in Fig. 6. As earlier, we again observe that
the magnitude of deflection of the warped particulate film
increases nonlinearly with time. However, increasing I slows
down deflection and even suppresses the warping. Figure 6
shows that warping ceases when I exceeds 0.06 mol/L.
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FIG. 5. (a)–(d) Images of the side view of dried particulate films (before complete failure) at a specific NaCl salt concentration I in mol/L,
respectively. The initial concentration of dispersion is around 10 wt %. The warping varies as a function of I , and suppresses at I = 0.06 mol/L.
(e), (f) Images of the top view of the dried particulate films (before complete failure). The dried films exhibit radial cracks and warping. The
film detaches from the initial pinning point at I = 0–0.04 mol/L while it remains intact for 0.06 mol/L.

C. Debonding versus warping

Here, we discuss drying the particulate film to a substrate
adhesion [Figs. 7(a) and 7(b)]. The adhesion between the
particulate film and substrate persists as long as the stored
strain energy does not exceed the adhesion energy. The cap-
illary forces are known to play a significant role in such
adhesion [27]. The long-range attractive capillary forces are
usually larger than the other relevant short-range interactions
such as the van der Waals attraction or chemical siloxane
bonding at the particle contacts. When the stored strain en-

FIG. 6. The plot of mean deflection δ̄ = (δ1 + δ2)/2 vs the scaled
time t/td for the particulate film with no NaCl and varying NaCl
concentrations I = 0.02, 0.04, 0.06, 0.08 mol/L, respectively. The δ

varies nonlinearly with the scaled time. With an increasing concen-
tration of NaCl, the deflection process slows down. The particulate
film does not bend when I = 0.08 mol/L. The pink region refers to
the complete failure wherein the particulate film is fragmented.

ergy overcomes the adhesion energy, debonding and warping
of the colloidal deposits occur. The debonding and warping
depend on the porous film’s ability to deform. In particular,
the semisolid deposit, as depicted in Fig. 7(b), is the region of
the deformable film in which mechanical stress develops. The
physicochemical properties, particularly the salinity consid-
ered in this paper, strongly affect the mechanical properties of
such semisolid deposits. Here, we perform a separate sessile
drop drying experiment to investigate the debonding of the
particulate film with and without NaCl. In either situation,
radial cracks propagate and follow a solidification front, as
shown in Fig. 8. Furthermore, it is apparent from the inter-

FIG. 7. (a) Drying of a sessile colloidal drop. (b) The transport
of solvent drives the particles at the drop edge. A semisolid or “soft
solid” is formed in which drying stress develop. (c) Sketch of the
pressure gradient induced by the drying in a region of the semisolid
film outlined in gray in the sketch (b).
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FIG. 8. Crack pattern on the edge of a sessile drop for a Ludox
HS40 dispersion without NaCl salt (left) and with NaCl salt (right);
images were taken at the same time after drop deposition. The op-
tical interference fringes display an air gap between the gel and the
substrate, indicating debonding. Faster consolidation is observed in
the presence of NaCl salt.

ference fringes (in Fig. 8) displaying an air gap between the
film and the substrate that, regardless of the amount of NaCl,
debonding of the gel always occurs. Though the presence of
NaCl in the dispersion significantly alters the drying kinetics,
stiffening the film and preventing warping, it still could not
avert the film substrate de-adhesion. Therefore, the presence
of NaCl in the dispersion could not prevent debonding, despite
the stiffening of the film. We also like to highlight that adhe-
sion strength between the substrate and the particulate film
impacts debonding as the critical stress for debonding directly
depends on the interfacial energy per unit area. The stronger
adhesion of a particulate film with the substrate resists its
detachment from the substrate and might delay its debonding
and therefore the warping. However, the bending curvature of
the particulate film should not be affected by the adhesion as
it is independent of film-substrate adhesion.

IV. DISCUSSION

This section presents a possible mechanism that supports
our experimental finding on variation in warping magnitude
as a function of the ionic strength. When a sessile drop of
colloidal dispersion evaporates, a gelled foot builds up near
the three-phase line due to the “coffee ring” effect [28]. In
this semisolid gel, the drying stress develops, and the radial
cracks resemble a “petals” form. Each of these petals is sim-
ilar to long strips of drying gel (Fig. 8). These strips dry
directionally along the length, along the x axis, and along
the thickness, the z axis (vertical) (depicted in Fig. 7). In
this way, we analyze the strain gradients that develop during
the drying in the semisolid particulate film akin to a gel-like
phase [Fig. 7(b)]. This semisolid drying film is analogous
to a rectangular segment that bends with positive curvature.
Assuming a homogeneous isotropic poroelastic layer of thick-
ness h saturated with liquid, a linear poroelastic constitutive
relates the mechanical stress σi j on the porous structure and
the strain εi j as [11]

σi j = 1 − 2ν

1 − ν
α(p0 − p)δi j, (5)

where α is the Biot-Willis coefficient, p0 is the initial pressure
when there is no stress on an unstrained structure, and p is the

FIG. 9. Plot of maximum curvature κ of a warped particulate
film of different Young’s modulus E (obtained from Fig. 3). The
maximum curvature κ is the curvature estimated just before the
complete failure of a particulate film.

liquid pressure in the pores of the structure. Equation (5) gives
the in-plane stress σxx = σyy in the plane, assuming the planar
geometry of film results σzz � σxx.

Drying a particulate film causes an incompressible flow in
the porous medium. The Darcy model can describe this flow,
as it provides a linear relationship between pressure gradient
∇p and flow rate u [22]: The liquid water flux is driven by a
liquid pressure gradient accordingly with the Darcy law [22],

u = k

ηs
∇p. (6)

This equation highlights that a pressure gradient drives the
flow of liquid with viscosity ηs through a porous medium
of permeability k as Fig. 7(c). At the surface Eq. (6) can be
written as

VE = k

ηs
∇z p

∣∣∣∣
z=h

, (7)

where VE is the constant evaporation rate. For the planar
geometry of a particulate film, Eqs. (5) and (7) allow us to
express the strain gradient in the plane of the film as a function
of the physical properties of the gel:

∇εxx|z=h = ηsVE

E k
. (8)

εxx acts as the bending strain related to the reference strain ε0

at the bottom of the film and is expressed as

εxx = ε0 − κz, (9)

where κ is the curvature of the strip. Using Eq. (8), κ can be
shown proportional to the curvature of the particulate film:

κ ∝ ηsVE

Ek
. (10)

To support the validity of Eq. (10), we plot the maximum
curvature κ of a warped particulate film of different Young’s
modulus E (shown in Fig. 9). The maximum curvature κ is the
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magnitude attained by a warping particulate film just before its
complete failure. It is apparent from these figures that the κ is
inversely proportional to the Young’s modulus.

This simple empirical relation shows that a differential
shrinkage can cause the gel to peel or warp due to the strain
gradient ∇zεxx. Moreover, at a constant evaporation rate, on
increasing E , ∇zεxx and κ decrease. Referring to our ex-
perimental observations, the addition of NaCl content in the
dispersion results in an increase of the Young’s modulus E of
the particulate film, while the strain gradient reduces [29]. As
a result, the curvature of the particulate film reduces; there-
fore, there is a decrease in warping magnitude with increasing
ionic strength.

V. CONCLUSION

To summarize, we report the stiffening of a dried partic-
ulate film with the increase in ionic strength I of a drying
dispersion and investigate the particulate film’s warping dy-
namics as a function of NaCl content. Our experiments reveal
that the increasing NaCl concentration increases the Young’s
modulus of the resultant dried particulate film. We attribute
such stiffening in the presence of NaCl to the strong interpar-
ticle adhesion between the constituting particles. In addition,

the particulate film warps with the mean deflection of a
warped region at the tail end of the drying decreasing with
increasing NaCl concentration. Further increasing NaCl limits
the warping in the particulate film. We support our experimen-
tal observation with a theoretical model wherein we consider
the drying particulate film a poroelastic solid that undergoes
shrinkage during drying. The shrinkage of drying particulate
film generates the strain gradient across the film, further re-
sulting in its warping. Finally, we empirically show that the
curvature of the warped region is proportional to the strain
gradient and inversely proportional to the Young’s modulus of
a particulate film.
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