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During the consolidation of thin films, mechanical instabilities usually result from large mechanical
stresses development. In particular morphologies of fractures and debonding reveal different behav-
iors of the materials. We report dynamic debonding induced by drying process of colloidal systems by
direct measurements in a one-dimensional geometry. From the measurements of the film out-of-plane
displacement, different behaviors can be distinguished from elastic to plastic then creep. The time evolu-

tion of the mechanical properties of colloidal films is in accordance with measurements using indentation
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testing as a response to an external force.
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1. Introduction

Many industrial processes dedicated to material elaboration or
to coating achievements, are based on the solidification of complex
systems. In most common technological operations, the solidifica-
tion is obtained through drying process of particulate materials.
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When the drying rate is high, large stresses appear and can lead
to the formation of mechanical instabilities such as cracks pro-
viding a large variety of morphologies. These crack patterns can
be commonly observed in nature, for soils in hot regions. Due to
evaporation of water, the drying stress causes the clay to fracture
into polygonal cells [1] (Fig. 1a). In practice, the control of these
phenomena is crucial for all the coating technologies since they sig-
nificantly alter the final film quality, and usually need to be avoided.
There are two main kinds of drying cracks: the shrinkage cracks
which propagate perpendicular to the film surface, and the peel-
ing cracks which propagate parallel to the surface. The first type of
cracks have been widely studied [2,3]. In the case of peeling cracks,
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Fig.1. (a) Warped mud, and desiccation polygons formed by the drying of clay. The largest polygons are approximately 30 cm in length (photograph courtesy of ].C. Géminard).
(b) Colloidal film on a substrate. The channel cracks divide the transparent layer into polygons. The interference fringes indicate that the film also partially debonds from the

substrate (image width =200 pm).

a model predicts a relationship between the thickness of the mud
peel and the radius of curvature of the fragment [4,5]; this model is
based on the differential contraction of layers. For practical reasons,
only few works deal with the dynamics of the delamination crack
front since it is not an easy task to follow the crack propagation.
Moreover, the dynamics of the delamination of a film is a complex
process since it is related to the evolution of the mechanical prop-
erties induced by the drying stress development. The drying film
combines elastic, viscous and plastic behaviors. The final state of
the dried film depends on these evolving properties. Indeed, chan-
neling cracks, curl, warp, all induce deformations strongly related
to the mechanical properties of the materials; also the resulting
morphologies are characteristic processes of the time evolution of
the material. This can be evidenced during the drying of paint layers
or mud. Usually, peeling cracks start propagating from the corner
and the borders of a fragment: the delamination is partial, e.g. the
delamination process stops, fragments adhere to the underlayer
only by a single region exhibiting a well defined surface area [6].
Then, the fragments become convex toward the drying side, lifting
the corners off of the underlying layers (Fig. 1b). This evidences a
plastic behavior of the system at the end of the evaporation process.
Indeed, if it were purely elastic, the warped film should instan-
taneously relax back, and recover its initial flat state at the final
stage.

In the following, we study the delamination process resulting
from the drying of colloidal films in a well-controlled exper-
iment, that exhibits no boundary conditions and presents a
one-dimensional geometry. This is achieved by considering the
drying of a thin film coating on a horizontal fiber. This particular
geometry allows us a precise visualization of bending deformations
of delaminated fragments. We deduce from these time deforma-
tions, a characteristic relaxation time which is recovered with
indentation testing measurements. This duration stands for the
relaxation time for the stress. In addition, different behaviors are

Table 1
Main characteristics for the samples considered in the experiments. Particle diam-
eter: 2a, solid weight fraction ¢,, (data given by the manufacturer Grace Davison).

2a (nm) Pm
Ludox SM-30 10 0.30
Ludox HS-40 16 0.40
Ludox TM-50 26 0.50
nanolatex PS 30 0.30

evidenced during the delamination process: the system is elastic
when delamination starts, then becomes plastic and viscoplastic.
The experiments have been reproduced using four systems exhibit-
ing different mechanical properties.

2. Experimental
2.1. Starting materials

Four different types of particulate materials were used: con-
centrated aqueous dispersions of silica particles (Ludox SM-30,
HS-40, TM-50 purchased from Sigma-Aldrich) and nanolatex parti-
cles (provided by Rhodia Recherche, Aubervilliers, France); HS-40
was used in most experiments. Main properties of these disper-
sions are reported in Table 1. These dispersions are stable in the
absence of evaporation. In the case of the silica sols, the stability of
the dispersion is governed by the interparticle colloidal interaction,
e.g., by the competition between van der Waals attraction and elec-
trostatic repulsion (Derjaguin-Landau-Verwey-Overbeek|7,8]). In
the case of the nanolatex, particles are made of polystyrene, stabi-
lized by the presence of surfactants (SDS); since the glass transition
temperature of the particles is around 100 dgrC, the particles are
assumed to be rigid (not deformable) at room temperature. Values
of the surface tension y,q of the dispersions were measured by
the Wilhelmy plate method and range in [57;67] mN m~!. For each
dispersion, the weak polydispersity of the particles prevents from
crystallization (polydispersity ~0.18).

2.2. Methods

The dynamics of delamination is investigated by observation of
a strip of gel in side view. A sketch of the experimental set-up is
shown in Fig. 2a. Experiments are performed by drawing a horizon-
tal Nylon fiber, radius 200 pm, out of a fluid reservoir at a constant
velocity. The reservoir contains the aqueous colloidal dispersion,
and as the wire is pulling, a uniform film of constant thickness coats
all around the fiber. Note that the characteristic time for the hydro-
dynamic instability, e.g. Rayleigh-Plateau instability growth rate,
is larger than the characteristic time for drying [9]; it implies that
no variations of the film thickness are detected before the material
starts to consolidate. After the motor is stopped the film is let to dry
atan ambientrelative humidity RH ~50%: particles concentrate and
a gel of typical thickness 10 wm is formed. During the solidification
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Fig. 2. (a) Sketch of a fiber passing through a colloidal dispersion reservoir. The fiber is coated evenly all around. Observation in side view uses a light transmission technique.
(b) Colloidal films warped due to a moisture gradient upwards; typical size of the gelled strip is 20 wm wide and 10 wm thick.

of the films large stresses develop, resulting in annular cracks then
transversal cracks parallel to the fiber-axis [10]. Further evapora-
tion results in warping of a strip of gel at the upper line of the hor-
izontal fiber (Fig. 2b). Observations use a light transmission tech-
nique; a microscope lens (15x) adapted to a camera (AVT’s Marlin)
provides digitized images with aresolution about 0.5 p.m/pixel. The
camera is mounted on a micrometric assembly allowing a precise
alignment of the field of view with the film. This particular geome-
try provides accurately measurement of the peeling fragments with
time. Further evaporation results in warping of fragments of gel.
These delaminated fragments are observed all around the fiber but,
the ones which are on the lower part of the fiber quickly fall out. We
focus then on the upper part of the fiber as depicted in Fig. 2a; we
follow the displacement of a delaminated fragment with time. We
measure then the deflection é and the interfacial crack advance d.
We assume that the interfacial crack starts when the deformation
of a fragment is of the order of a fraction of the film thickness.

3. Model

For all the experiments reported here, the film is made of a
porous medium, fully saturated with water. The saturated system is
then transparent because of the similarity in refractive index of the
liquid and the solid. If air were present in the system, because of the
lower value of index, there were significant scattering of light which
implies the system to turn opaque. Thus, the cracks appear during
the first stage of the drying process, e.g., the constant rate period
where the decrease in volume material is equal to the volume of
liquid lost by evaporation. The liquid/air meniscii are present at
the evaporation surface; as a result the particles get closer and the
local liquid pressure p in the pores, increases. It can reach a maxi-
mum value given by Pegp = o V‘r”g“ , where r, is the pore radius close

to the particle radius a and « is a geometrical constant (<10)[11].

Fig. 3. Delamination of a drying film induced by differential stress in the porous
film. The stress distribution induced by the pressure distribution, p(z), results in an
averaged force per unit depth, ¥, and a moment per unit depth, M, and causes the
film to warp.

As a result the tension in the liquid pore compresses the matrix
and induces flow from the bulk to the interface. It results in a pres-
sure gradient in the pore liquid as depicted in Fig. 3: the spatial
variation in pore pressure causes a variation in contraction of the
gel network. The evaporation from the bottom side of a fragment
is negligible as the air between the fiber and the film is saturated
with water. Moreover the pore pressure is time dependent since it
varies during the drying process.

Therefore the local liquid pressure p in the pores obeys a one-
dimensional diffusion equation along the z vertical direction:

op 9%p
o P oz

where D, = ¥ is the diffusivity, or consolidation coefficient,
with E the elastic modulus of the gel, and 7 the viscosity of the sol-
vent flowing through the porous gel of permeability k. We assume
that the Young modulus is constant over the experiment time
(about 200s5). A typical rigidity of the porous network, measured
just after cracks formation, gives E=1+0.3 GPa [10]. For randomly-
packed monodisperse spheres k is given by the Carman-Kozeny

1 (1)
relation: k = 7= ¢2g
g

of the gel phase (¢ ~0.6) and k=2.3 x 10~19m?. Moreover a steady
rate of evaporation Vg is assumed at the upper surface of the gel z= h.
The Darcy law gives the gradient of liquid pressure at the upper
surface of the gel:

(1)

a2, where @g is the particle volume fraction

W Ven
3z ="k

Eq. (1) together with the boundary condition 2 give the pore
pressure distribution p(z, t) [11]. The stress distribution in the
plane of the film, initially uniform without pressure gradient (p(z,
t=0)=pp)under uniaxial strain and constant vertical stress (vertical
stress is 0 and horizontal strains are 0), expresses as [12]:

o(z,t) o po — p(z, t) (3)

Egs. (1)-(3) show that the drying stress averaged on the film
thickness linearly increases with time as:

S(t) ~ EVgt (4)

(2)

A delamination process occurs when the stored elastic strain
energy overcomes the adhesion energy of the gel attached to the
substrate. Experimental observations attest that the delamination
process always starts from the edges of the fragments. The drying

stress is then responsible for the development of a peel force per

unit length, ¥, and consequently a bending moment M(t) = foh(z -

h/2)o(z, t)dz, per unit depth, that can lift the edges of the fragment
and so generate convex surfaces [11,5] (see Fig. 3). The moment
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Fig. 4. (a) Time variation of the crack extent d and the deflection § of a strip of gel (HS-40). The dynamics reveals different regimes: (1,2,3) elastic regime induced by warping
where both the deflection and the crack extent increase (line is a fit of the deflection versus time using Eq. (5)); (4) then the deflection decreases as a signature of a creep
behavior, while the crack extent d is constant. Inset shows a magnification of the time variation of the deflection in the creep regime. (b) Time variation of the crack extent
for various colloidal films. (¢) Time variation of the deflection for various colloidal films. (For interpretation of the references to color in the text of this figure citation, the

reader is referred to the web version of this article.)

M(t) is estimated by M(t) ~ X(t)h. The deflection § of the warping

2
fragment is related to the bending moment M by: % = % where

I= 1‘—2h3 is the moment of inertia [13] (Fig. 2b). Using Egs. (1), (2)
and (4), § approximately expresses as:
Ved(t)?
8(t)~12 ETt
where d(t) is the interfacial crack extent at time t.
This simple model provides an expression for § as a function of
time in the elastic regime.

(5)

4. Results and discussion

Experimentally, the dynamic of delamination can be character-
ized by the time evolution of two lengths: the deflection §(t) which
is the maximum height of the fragment lift at time ¢t, and the inter-
facial crack extent d(t) (see Fig. 2). During the gel warping, both the

deflection § and the crack extent d increase with time; the inter-
facial crack propagates quasi-statically in the x-direction. The time
variation of the deflection is governed by the development of the
drying stress and fairly satisfies Eq. (5) (red curve in Fig. 4). The
gelled film exhibits an elastic behavior until the deflection reaches
amaximum value 8. At this point, the drying stress reaches a max-
imum value related to the maximum capillary pressure generated
by the fluid in a porous matrix: o(h, tm)=— Pcgp. This quantity can
be compared to the yield stress of the material suggesting that the
material reaches a plastic behavior [14]. Then, in a second stage,
since the strip of the gel still dries, the crack extent reaches a con-
stant value, whereas, the deflection starts decreasing slowly to end
up at a constant value as a result of a deformation due to sustained
loading. The exponential-like decrease of the deflection § evidences
a creep behavior with a relaxation time ¢; (see Fig. 4). t; stands for
the relaxation time of the stress in the strip gel due to sustained
external capillary stress. The elastic modulus Ej of a given particle
(silica or latex at high glass transition temperature) is assumed of
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Fig.5. Comparison ofrelaxation times in the creep regime for different systems; SM-
30, HS-40, TM-50 and nanolatex in increasing order of rigidity. Time ¢, is estimated
by the slope of the deflection of the gel at the beginning of the creep regime (see
inset in Fig. 4). Time 7 = "T“ is deduced from the fit of experimental results by the
Kelvin-Voigt model (Eq. (6)). Time tp is the characteristic drying time.

the order of the elastic modulus of the drying gel under the condi-
tion of a cohesive network of particles. Since measurements using
indentation testing provide typical values for silica and nanolatex
gels of the order of 10° Pa, the strain due to the maximum stress,
om~—Pegp= 107 Pa, is of the order of to 10~2 «1. Thus we assumed
that particles are not deformable due to capillary pressure.

Fig. 5 shows the ratio between t; and the drying time tp=h/Vg
for different systems, in increasing order of particle size from SM-
30 to nanolatex. Results show the decrease of t; with the size of the
particles. A system made of small particles, is more rigid and the
relaxation time for the stress increases.

To confirm and to complete these statements on the mechanical
properties of the systems, we have performed indentation testing
measurements. The method investigated here on the micron or
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Fig. 7. Comparison of elastic moduli measured in the creep regime for different
systems by two methods: (i) using indentation testing and modeling the solid layer
by a Kelvin-Voigt model two-element model (a purely viscous damper of viscosity
no and a purely elastic spring connected in parallel, in accordance with Eq. (6)), and
(ii) using measurements of the time relaxation ¢, of the deflected strip of gel (the
elastic modulus is then deduced from the quantity 7o/t;). SM-30, HS-40, TM-50 and
nanolatex in increasing order of rigidity.

sub-micron scale is indentation testing (CSM Instruments Micro
Indentation testing, MHT) with a Rockwell indenter (0.25mm
radius spherical tip)[15]. The indenter, initially in contact with the
surface of the solid film, is driven in the material until a maxi-
mal force F;; =70 mN load with a loading speed 70 mN/min. The
constant force is then maintained on the material (fragment of gel
adhering on a glass substrate) and the penetration depth is mea-
sured as a function of time. The experiments have been performed
on a layer of 10 um just after cracks appear. Fig. 6 gives the evo-
lution with time of the penetration depth for four systems. We
use a Kelvin-Voigt model to fit the curves with a viscous and elas-
tic component (a purely viscous damper and purely elastic spring

/ nanolatex
| — - TM-50
4 — — . HS-40
FE e SM-30
1 1 1 1 1 1
0 200 400 600 800 1000

time (s)

Fig. 6. Measurements of the macroscopic elastic response of the gel using indentation testing. Variation of the applied force F versus time (maximum load F,: 70 mN); image
of indentation print at the surface of the gel after unloading of a spherical indenter (Rockwell indenter of diameter 25 xm). Creep comparison of different colloidal films from
70 mN indents with 10 mN/min loading rate: the change in depth, p, of the indenter tip is measured as a function of time.
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Fig. 8. (a) Dirt particles on a model glass slide. (b) Dirt particles have been removed after deposition of a colloidal film and delamination of the formed gel. Images width:

1mm.

connected in parallel). The creep response to an external force F,
could be expressed as:

320y 3 g 1
8/5(t) = 7 ﬁFm 3
where r is the spherical indenter radius, E and ngy are fit
parameters representing the elastic modulus of the material (cor-
responding to the spring element), and a viscosity term that
quantifies the time dependent property of the material, respec-
tively [16]. We assume that the elastic modulus is constant over
the experiment time (about 2005s) [10].

By the way a timescale 7 can be defined from creep tests as:
T= EEQ This quantity corresponds physically to the timescale of
the stress release in the material; the larger this relaxation time is,
the longer the matrix can be reorganized to relax stresses. It then
attestes of a creep behavior.

Fig. 5 shows a comparison between the time scale T deduced
from creep tests and the relaxation time t, extracted from the
deflection measurements. Both methods provide similar results for
the studied systems; note that there is a constant delay between t
and tr, and the evolution with the systems is the same.

Consequently, the elastic modulus measured in the creep regime
can be deduced using the characteristic viscosity of the gel deduced
from the Kelvin-Voigt model (Eq. (6)) and the timescale T deduced
from Eq. (6) or the timescale t; of the deflected strip of gel (Fig. 4(a-
inset)). Elastic moduli E are plotted in Fig. 7 for the different
systems.

Both methods provide similar results, nevertheless, the results
obtained with indentation testing are always higher than the ones
obtained with the deflection.

(1 —e-9) (6)

5. Conclusion

Dynamic of delamination induced by warping of colloidal films
is investigated using a one-dimensional geometry. This particular
geometry allows us to image accurately the deflection of a strip of
gel. As a result different mechanical behaviors can be pointed out
during the drying process. The dynamic delamination highlights
the combination of different mechanical features during the drying.

Therefore, the out-of-plane displacement fairly satisfies a purely
elastic behavior until it reaches a plastic one. Direct measurements,
supported by indentation testing, allow us to estimate the elastic
moduli of various colloidal gels, and the relaxation time of the stress
for various colloidal gels. In particular, the rigidity of the materials
increases with the particle size of the gel as predicted by the elastic
modulus of an assembly of particles.

As a perspective on this work, the characterization of out-of-
plane deformation of drying gels is based on an innovative process
applied to cleaning surfaces. The first step of this process should be
the deposition of a dispersion of nanoparticles on top of a substrate
that one wishes cleaning. Then as water evaporates, the nanopar-
ticles aggregate to form the porous gel network in which the dirt
particles are included and trapped. Capillary forces will cause this
gel to shrink and break into small solid pieces and finally delam-
inate from the substrate as illustrated in Fig. 8. The principle of
this operation has been tested for the cleaning of surfaces that are
contaminated by radioactive species [17]. The technique could be
adapted to other substrates, particularly paintings to be restored.
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