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polymer solution
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Introduction

A brief resume of several works that are perforrirethe
laboratory about the drying of polymer films is geated.
The general purpose is to characterize the couplatgeen
the drying kinetics and the final state of the film

System

In order to get a simple and well characterizedesys the
solutions under study are composed of one polymeae
solvent only: Polyisobutylene/Toluene (PIB/ToluenBp
polymerization or chemical reactions occur durirge t
drying so that the dried film is obtained by evagimm of
the solvent only. The glass transition temperatdrBIB is
-76°C (Sigma-Aldrich). The experimental temperature
(ambient temperature) is far above the glass tiansi
temperature and the system remains rubbery allgatbe
drying, unlike in [1]. PIB was supplied by Sigmadaich
with M,=5.1F and polydispersity 2.5 and Toluene was
supplied by Prolabo (Chromatographic use).

System characterization

Modelling the drying kinetics from the initial di
solution to the dry film needs to know the evolatiwith

the solvent concentration of the saturated vapesgure
and of the mutual diffusion coefficient. In polymsslvent
solutions these quantities strongly decrease imptitlgmer
concentrated domain: for example the diffusion ficieht,
Dsp, decreases of several orders of magnitudes when th
solvent volume fraction varies from 0.3 to 0 [2]eWave
measured these two quantities by series of diffeden
sorption experiments. The experimental set-up (Rid2A)
consists of an accurate balance coupled with a rvapo
chamber whose temperature and pressure are cedtroll
The sample is located in the chamber and chandiag t
solvent vapor pressure allows for swelling or dgyithe
polymer film. The evolution of the weight of thdnfi in
response to an imposed step of solvent vapor peegsies
access to the mutual diffusion coefficient (through
suitable model of the swelling kinetics). The asywtip
value reached at the end of the experiment gives th
equilibrium solvent concentration in the film caaponding

to the imposed solvent vapor pressure. Resultsrautdor
PIB/Toluene in the concentrated domain are giveRigs

la and 1b at 25°C [3].

Drying

Experiments

The PIB/Toluene solution, with an initial solventass
fraction ranging from 85% to 98% (g/g), is pouradidish.
The dish is then put on a balance (precision 0.)\Lthag is
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Fig 1a: Sorption isotherm

005 01 015 02 025
solvent volume fraction

Fig 1b: Diffusiooefficient

located in an extractor hood at room temperaturie. A
temperature and solution weight are recorded atigithe
drying (60 hours). The evaporation flux used in the
following is obtained by derivation of weight
measurements. The air velocity above the film ca&n b
changed by opening more or less the hood air ifet.
camera located above the solution allows to redom
views during drying in order to eventually detect
convection (with iriodine used as a tracer) andioe
formation of wrinkles at the surface. Experimentsrav
performed with dish diameter between 66 mm andrh#b
and initial solution thickness between 1 and 24 mm.

Drying kinetics

A typical example of experimental kinetics is givienFig

2. Experimental configuration is:, e(initial thickness)
=12.7mm, hK=3mm/s and w (initial solvent mass
fraction)=95%. In a first stage, the inner of tlwdusion is

still at the initial concentration, i.e. the conteation
gradient has not reached the sample bottom. Thavimeh

is then similar to that of a semi-infinite medium
transition is observed when the perturbation reache
bottom of the dish (finite medium): the evaporatilax
strongly decreases and the end of the drying is
characterized by a very weak evaporative flux, tu¢he
strong decrease of the mutual diffusion coefficiwhen the
solvent concentration decreases. Moreover, ibgsible to
characterize the first stage (semi-infinite mediumy) the
succession of different regimes that involve dgfdr
phenomena. First, the evaporation is similar to the
evaporation of pure solvent since the activity ofymer
solutions is close to one at high solvent concéinttaThe
flux is controlled by the heat and mass exchange
coefficients with the hood air (domain 1 in Fig: 2fter a
rapid thermal transient regime, the solution terapee
reaches an equilibrium value and the flux is neadystant
(“plateau” domain). Then, when the solvent masstioa

at the interface becomes less than about 0.4, dhieita
decreases and a new regime appears, charactenyzed b
weak decrease of the evaporative flux (domain Bign2).
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Let us note that the duration of this regime depe the
initial thickness and exchange -coefficient, hit may
disappear if the finite medium stage occurs befbesend
of the “plateau”.
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Fig 2: Typical drying kinetics
e=12.7mm, h=3mm/s , wg=0.95

Model. The main trends of the drying kinetics can be
captured by a diffusive model to describe solveamgfer in
the solution. The assumptions and equations agglekbtin
[5]. The model is 1D (direction z perpendiculathe dish).
The state variables are the local solvent concmtrén the
solution, G(z,t), the solution temperature T(t) and thickness
e(t). External inputs are the ambient air tempeeatund air
velocity above the sample. Solvent flux in the sohuis
described by the Fick law, with a variable mutud#fudion
coefficient D;g(Cs). Local thermodynamical equilibrium is
assumed and the saturating vapor pressuye & the
interface is given by the Flory-Huggins model.
Temperature is obtained by writing the system ba&ince.
Exchanges between the solution and the hood a&raepn
the air velocity in the hood. They are charactetibg two
exchange coefficientshthe thermal exchange coefficient
(W/m?K) and h, the mass exchange coefficient (m/s).
Depending on the air velocity,ltan be changed from 2.6
to 12.5 mm/s andghfrom 10 to 100 W/FK. Using this
model and the drying experiments described in tegipus
section an optimization procedure is understudygéd
DsHCs) from drying kinetics (inverse problem): in bua
global optimization, the unknown functiongf)Cs) s
obtained by minimization of the distance betwebn t
experimental and simulated kinetics [4].

Instabilities

Though a diffusive model for the solvent transfarthe
film succeeds in reproducing the succession ofitfferent
regimes, more complex phenomena are involved duhieg
drying.

Hydrodynamics instabilities

First, natural convection may be induced by grawty
surface tension, due to the concentration gradiant§or
the temperature gradients through the film [6-8jdded,
due to the solvent evaporation, both the temperatund
solvent concentration are smaller at the upperfate of
the film than at the bottom. The density of theutoh
increases when the temperature decreases and \when t
solvent concentration decreases (the density of RIB
greater than that of Toluene). The configuratiodarstudy

is then instable. The same analysis holds for earfa
tension: the surface tension of the solution ineeeawhen
the temperature decreases and when the solvent
concentration decreases, leading again to an lestab
configuration. Such instabilities have been obsgratthe

beginning of the drying (Fig 3). Later the viscygsitf the
solution strongly increases as the solvent conagoir
decreases, which prevents any convection when the
solution becomes more concentrated.
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Fig 3: h=3mm/s, wg=0.95
Visualisation of convective cells (left views=8.9mm)

or rolls (right view, g=8.7mm)
Wrinkles
For some experimental conditions wrinkles appeathat
surface of the film during the drying. They werevays
found to begin a little before the decrease of the
evaporation flux that characterizes the transiti@iween
the first and second stage, when the solvent cdratem at
the bottom of the dish decreases very rapidly, &md
progressively invade the sample surface in theseoaf the
transition domain. It has also been observed tiftey an
undulation had formed, it remains the same as lasg
drying goes on and even long after (even after reg¢ve
months, see Fig 4). Several phenomena can be puhrit
to explain the wrinkles formation: they can be véew
firstly as the “signature” of local concentratioariations
due to convection. They could also be induced by th
development of important stresses in the innethefftim
while the surface is already dried and relaxed(p,1

Fig 4: Wrinkled surface of
the dried film.
The horizontal size of the
view corresponds to about
30mm.
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