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Drying of drops of complex fluids 
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Drying a sessile drop of complex liquids
dilute solutions

I. deformation

3-phase line

deposition patterns left by a drop of a dilute colloidal suspension

evaporation-induced flow → deposition of layers (Berteloot et al., Eur. Phys. Lett. (2008))



- pinning of the three-phase line

- large concentration gradients

- hydrodynamic (Rayleigh-Bénard or                or mechanical instabilities

polymer solutionscolloidal suspensions

Drying a sessile drop of complex liquids
concentrated solutions

I. deformation

complex drop shapes due to different process

Rayleigh-Bénard or
Bénard-Marangoni effects



Drying a sessile drop of complex liquids
concentrated solutions

I. deformation

importance of :

- drying conditions,
- geometry,
- physico-chemical properties of the system.



polymer = dextran (hydrosoluble polysaccharide)

concentration in mass : from 20 to 40% (    )

Tg~220°C (glass transition temperature)

solvent loss 
                   ⇒ polymer concentration increases 

                                                                            ⇒ medium becomes glassy
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Drying a drop of polymer solution:
glass transition during desiccation
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Fig. 2 – Time evolution of a drop of polymer concentration ωp = 0.40 g/g: (a) dimensionless profiles
recorded at different times. (b) and (c) are, respectively, the variations in volume and surface area
vs. time. We have plotted the buckling characteristic time tB at which the instability starts.

ωp < ωpg and glassy when ωp > ωpg. During solvent evaporation, the polymer concentration
increases, and the initially fluid solution becomes glassy.

In this work, we selected the geometry of sessile drops as ideal for experimental studies.
This geometry allows accurate measurements and easy investigation of the influence of the
various parameters. The solution drops are deposited onto horizontal slides using micro-
pipettes. The glass slides are carefully cleaned before use to allow fairly good contact angle
reproducibility: θ0 = 45◦ ± 4◦. The change in shape is examined with a set-up that allows
accurate observations: both lateral and top views are recorded and special care is taken to
avoid optical distortions. The set-up is placed inside a glove box in which the relative humidity,
RH, is controlled within ±5% in relative value (RH = nw∞/nwsat, where nw∞ and nwsat are
the water concentrations in air at infinity and at saturation). The first profile measured just
after drop deposition is used to determine the initial drop characteristics: R0 the radius of the
contact base, θ0 the contact angle and H0 the apex height. Profiles measured at different times
are normalized by the contact base radius and by the initial apex height. For each drop, the
axisymmetry is checked to ensure that the contact base is circular (using top views) and that
the profiles are symmetrical. We can then calculate the volume V and the vapor/drop surface
area S at different times from the profile. Spatio-temporal diagrams are also constructed to
determine the variations in apex height with time.

Let us first consider a typical unstable case: for example, a 5mm3 drop of 0.40 g/g solution.
The profiles and volume and surface area variations with time are shown in fig. 2. In the first
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⇒ tD =
R0

V̇E

.
V0

R0S0

⇒ tB = f(θ0, RH)
R2

0

Dm

V̇E = Dm.∇φpSolvent flux conservation at interface

Deformation criterion φp|surface = φg (glassy state)
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Pauchard, Allain Europhys. Lett. (2003)
Pauchard, Allain Phys. Rev. E (2003)

V̇E = A(θ0)Da
nws(1−RH)

R0

Drop shape characterization

Evaporation rate:

Transfer of solvent in air limited by diffusion
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   polymer drop



Different patterns I. deformation
   polymer drop

Gorand et al. Langmuir (2004)

AsymmetryAxisymmetry



ρ
α

U = Eh

∫
[

h2

24(1− ν2)
H2 + 1/8(∆−1K)2]ds

Inversion of curvature

in-plane deformation out-of-plane deformation

fold

elastic energy Föppl (1907)



Different patterns I. deformation
   polymer drop

Gorand et al. Langmuir (2004)
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Drying a drop of colloidal suspension
I. deformation
   colloids drop

2 coupled effects in the sol-gel transformation (case of a silica dispersion)

Drying kinetics

evaporation of solvent

tD =
R0

V̇E

.
V0

R0S0
drying time

Gelation kinetics

influence of the ionic strength I:
screening charges borne by particles

suspension viscosity increases as aggregates form

tG

tGgelation time

 ⇒ colloidal gel = solid porous matrix saturated by solvent

10 nm

solvent



L. Pauchard, C. Allain / C. R. Physique 4 (2003) 231–239 235

(a)

(b)

Fig. 3. Dimensionless profiles of drops recorded and superposed at different times: (a) silica particles suspension at Φp = 0.20 and

Is = 0.40 mol/L; (b) dextran solution at ωp = 0.40 g/g.

Fig. 4. Dimensionless apex height, (H − H0)/H0 (H0 being the drop apex height at t = 0) versus dimensionless time, t/tD. While the less

concentrated dextran solution, ωp = 0.20 g/g (respectively Is = 0.04 mol/L for the colloidal suspension) displays a continuous flattening, the

concentrated solutions, ωp = 0.25,0.30,0.35 and 0.40 g/g (Is = 0.21,0.29 and 0.40 mol/L, respectively, for the colloidal suspension) show a

shape instability.

During the first regular decrease of (H − H0)/H0, the drop shape is not strongly modified and the volume and the surface

area calculated from the profile measurements decrease linearly with time. After time tB, i.e., when the apex height evolution

differs from the regular variation the profiles distort and the surface area remains constant while the volume keeps decreasing

I. deformation
   colloids droptG/tD < 10−210−1 < tG/tD < 10tG/tD > 102

skin formation
buckling process

drying gelationdrying + gelation

Pauchard, Parisse, Allain Phys. Rev. E (1999)



2mm
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air

suspension

gel

Invagination during the collapse of
an inhomogeneous spheroidal shell

Pauchard, Couder Europhys. Lett. (2004)
Goriely, Ben Amar Phys. Rev. Lett. (2005)

I. deformation
   colloids drop

invagination in sea-urchin embryo

super-hydrophobic substrate

saturation in vapor



I. deformation
   colloids dropCrack patterns induced by desiccation



Conclusion

exemples of problems coupling physico-chemical properties 
and mechanical properties

large domain of elasticity brittle domain

successsive generations of cracks induced by residual stresses

stress relaxation ⇒ modifications internal structures

                           ⇒ deformations (wrinkles, fractures)
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