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Drying of polymer varnishes: Solvent diffusion in dgassy polymer films
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Understanding the drying kinetics of polymer sans is a major issue in numerous industrial presedadeed,
most of lacquer, paint and varnish coatings arainet by performing solvent evaporation from atiahdilute
solution. Drying kinetics generally shows two distiregimes: the first step is rapid and mainlyegoed by the
exchanges between the solution and the environriéen the solvent evaporation flux decreases sy
kinetics becomes governed by the physico-chemiagbgsties of the system. Solvent transport in theosd
step (polymer concentrated domain) involves sevemaiplex phenomena. First, the solvent/polymeruditin
coefficient decreases by several orders of magaiwiten solvent concentration decreases. Moreovee she
glass transition temperature of a polymer soluti@pends on the solvent concentration, the film rentiee
glassy state during the drying. The solvent diffnsthrough the polymer matrix is then coupled wite
relaxation of the viscoelastic stresses on the amaclecular chains and exhibits a non-fickian bebari

This study deals with the influence of the glasmsition on solvent diffusion. A PMMA/PnBMA staiisdl
copolymer film was chosen to perform a series dfecintial drying and swelling experiments for o
solvent concentrations. A gravimetric technique wasd, based on a quartz crystal microbalance glace
controlled solvent vapour pressure chamber. Theplocay between diffusion and viscoelastic behaviir
described with the "solubility" model that takedasation into account through a time variable bamd
condition at the film/vapour interface. In the centrated domain, the solvent/polymer diffusion Gioint was
shown to decrease by about three orders of magnviheén solvent content decreases. Contrary to sothers,
no slowing down in the evolution of the diffusionefficient was observed when crossing the glassitian.

1 Introduction

Lacquer, paint and varnish coatings are commonlygined in industrial processes by performing sdiven
evaporation from an initial dilute solution. Forosahvection or radiant heating are used to heasahgion and
drying kinetics is governed by strongly coupledthaad mass transfers. As shown in a previous diedjcated
to polymer films (Guerrier et al., 1998), dryinghktics shows two distinct regimes. The first stepapid and
mainly governed by the exchanges between the snlatd the environment, namely the heat and massfér
coefficients. Then the solvent evaporation flux rdases strongly and kinetics is governed by thesipby
chemical properties of the polymer/solvent systee,the saturated vapour pressure and the muiffiasidn
coefficient. These two quantities depend strongiyboth temperature and concentration. For exanmplgyal
diffusion coefficient varies typically from four @ders of magnitude between the initial state (dikdkition) and
the dry film (very concentrated domain). Given tBet and the Lewis numbers in a typical industrial
configuration, temperature gradient in the film da neglected while very important concentratioadgents
appear. A modeling of the process has been dewthaid the assumption that the temperature of ine is
always higher than the glass transition temperattiéh this assumption the film can be viewed asilzbery
binary solution. This assumption is clearly validtlhe beginning of the process, since the glagssitian
temperature of a polymer solution decreases ragdlyhe solvent concentration increases. At theodnte
drying, when the polymer concentration is very highd above all at the end of the process whelffilthds
cooled, it enters the glassy state. The solveritisidn through the polymer matrix is then coupleithvihe
relaxation of the viscoelastic stresses on the omaglecular chains and exhibits complex non-fickiahaviour.
The influence of glass transition on solvent tramsn a polymer solution has yet been studiedidutill not
well understood and several theoretical approatlase been developed. In order to go towards a aimpl
modeling of glass transition occurring in dryinglaooling in a real process, this paper deals ajiheliminary
study in the framework on solvent diffusion in glagpolymer. An experimental study of toluene diifumsin a



PMMA/PnBMA copolymer film has been performed. Thigpolymer was chosen because it is a component of
usual industrial varnishes used for example in agitlg and because the glass transition of the gapelymer
(without solvent) is about 75°C. When drying a #la/copolymer film at room temperature, the softutio
crosses the glass transition when the solvent wéigbtion becomes less than 0.12, and it was foasible to
study solvent diffusion in the glassy domain.

The paper is organized as follows: a brief desionipof film preparation, experimental set-up angerimental
procedure is given in section 2. The model of diffu/relaxation used in this study is describeddntion 3.
The set inversion method used to fit the data,itgi?le analysis and quantitative results are givesection 4.

2 Experimental

2.1 Sample preparation

The statistical methyl methacrylate/n-butyl metbate (MMA/NBMA) copolymer was synthetized by raalic
polymerization. The copolymer monomer compositiorgasured byH NMR, is 64% of MMA and 36% of
NBMA. Toluene was used as solvent for sorption desorption experiments. The polymer film was sgistc
directly onto the gold electrode of a piezoelectn@mrtz crystal. The thickness is 580 nm. The fias then
annealed in a vacuum oven for 12 hours, at a teatyoersuperior to the glass transition temperaitig®°C.

2.2 Experimental set-up and weight determination

The polymer film cast onto the quartz crystal regonis located inside a vacuum chamber connectesl t
solvent reservoir (in which the solvent vapour ptes is equal to the saturated vapour pressurarefgmlvent,
ie. P=37.92 hPa at T = 25 °C for toluene). Theuperelies on a quartz crystal resonator technigoewn to be
a very precise tool to determine the weight of tlilims. When a film is cast onto one of the eled&s of a
thickness-shear resonator, its acoustical resorfaggeencies change due to the weight of the fillsing some
assumptions, the film weight is deduced from theomance frequencies shifts (Johannsmann et al2).199
Because of the strong temperature-frequency cayplirthe quartz crystal resonator, it is necessaryave a
temperature control of the chamber. Using a thetamdse chamber temperature is adjusted to T = 23.5°C
(Bouchard et al., 1998).

Differential gravimetric experiments were performedstudy solvent sorption and desorption in thpotgmer
films thanks to increments of solvent vapour pressBressure steps are small (about 1 hPa) sdhendiim
characteristics (mutual diffusion coefficient, \dstastic properties...) can be assumed to be aundtaing an
experiment. By varying the initial pressure of firessure step, the evolution of the film behaviiih solvent
concentration is studied. Pressure steps are elotéiy suddenly opening the connecting valve betweemain
chamber and a secondary one. At the end of thetls¢epressure is kept constant with a PID regulati@t us
note that solvent vapour is the only gas presetihénchamber, so that using the total pressurbdesdntrol
parameter amounts to work with Dirichlet boundawgpdition on the upper surface of the film.

2.3 Experimental procedure

As soon as glassy state is concerned the expeainamuicedure that influences the whole film histonyst be
carefully defined. In most of differential sorpti@n desorption experiments reported in the litegtpressure
steps are performed one after the other, liker&stal\nother type of experimental procedure is use: before
each increasing step, the film is kept two houtsigh pressure (about 33 hPa); the film is thely garollen and
in the rubbery state, allowing the whole previoustdry to be "forgotten". Starting from this welefihed

rubbery state the pressure is lowered to the imptessure of the sorption step. This initial puesss maintained
a few hours until a "quasi-equilibrium" is reach{ed. diffusion is achieved and weight change dusetaxation
is very small). Then the differential increasinggsure step is performed, the final pressure baaigtained for
about 5 to 10 hours, and is followed by a decregsiap of about the same amplitude (Dubreuil, 2D8é&veral
steps with initial pressure ranging froni*liPa to 19.33 hPa (i.e. initial weight fractiongany from 0 to 0.143)
have been performed in these conditions.



3. Modeling

Many works have concerned diffusion of solventublbrery and glassy polymer films, and we just resaithe
main features. Deviation from fickian kinetics ihet glassy state was observed by several authors whe
performing sorption or desorption experiments jpeifit | in Dubreuil, 2001b). Two coupled phenomenauo in
non-fickian kinetics, solvent diffusion in the filand polymer matrix relaxation. The Deborah numbesften
used to compare the characteristic times of relaxaversus diffusion. Far above the glass transitio
temperature, relaxation is quasi instantaneous acedpto diffusion and classical fickian kineticsoisserved
(Deb<<1). If Deb is >>1, macromolecular configupatievolution had no time to take place during acgip
sorption experiment and fickian kinetics is alspapted. Around the glass transition, Deb is aboahd the
coupling of the two phenomena leads to complexfigkian kinetics. One possible description commombgd

is to take the coupling between diffusion and rafen into account through the boundary conditibrihe
film/vapour interface only, which is expressed@dg=e,t) = g + (. - &) [1 - exp(-tt,)],

where e is the film thicknessy s the pseudo-equilibrium concentration at the fidapour interface (the
asymptotic concentration if diffusion was the ontgchanism), ¢£the equilibrium concentration atet=andr,
the characteristic relaxation time. Solvent diffusthrough the film is described by a classicakFaw, with an
impervious boundary condition at the quartz/filneifiace. This simple model was found to fit verylivoair
data, and has the advantage to depend on four pmanonly, gand Dsp (mutual diffusion coefficient in Fick
equation) for diffusion and.candt, for relaxation.

4. Results

4.1 Solvent induced glass transition

Preliminary experiments consisting in desorptioattierms in quasi-equilibrium conditions (homogerseou
concentration in the film) have been performedl@dame copolymer to characterize the solvent adigtass
transition at 25°C (Dubreuil et al., 2001a). Théubiity curve (solvent weight fraction in the filmersus the
activity) shows the typical change of curvature dtass transition for a solvent weight fracti@g = 0.12. The
corresponding pressure and activity (pressure B t¢hamber/saturated vapour pressure of toluene) are
Py = 16.68 hPa and,& 0.44.
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Figure 1: Kinetics of sorption for a pressure st@p/ — 13.2 hPa (initial solvent weight fractiag = 0.081),

surrounded by two bounding curves (dotted linekintathe measurements uncertainties into accoumesd@
three curves are arbitrarily set to zero at theérmigg of the step.




4.2 Kinetics

An example of kinetics of sorption is given in Figul, for a pressure step 10.7 — 13.2 hPa. Thasahsis 12
and the ordinate isg-wy)/Aa, wherews is the solvent weight fractiony; the initial solvent weight fraction and
Aa the activity change during the step. In this espntation, fickian kinetics shows a linear inceeas short
times and then a saturation toward an asymptotieva large times. As expected for an experimenfiopmed
at a low pressure corresponding to the glassy dantiaé kinetics is clearly non-fickian and closetlte so-
called "pseudo-fickian" kinetics, with a linear pat short times followed by a slower increasingwfws)/Aa.
Good reproducibility in the results have been atetdj except for the steps at*lfiPa which were not taken into
account for the quantitative estimation of thewdfon coefficient.

4.3 Experimental errors

Quartz microbalance is theoretically a very predsa@ but several phenomena affect weight deterticina
First, resonance frequencies of a quartz depentéraperature (Lu and Czanderna, 1984). In the vacaman
around 25°C, preliminary measurements have beem @onseveral blank quartz; an overestimate of the
sensitivity is about -1®kg/nf/°C.

The pressure effect on resonance frequencies wasmadestigated. This effect has three sourcesous drag of
the gas, pressure dependence of the elastic ctsbérthe quartz itself, and sorption or desorptimin
physiosorbed molecules on the quartz surface (lduGranderna, 1984). The systematic error due tsspre
effects increases as pressure increases, from aB6kg/nf/hPa at very low pressure up to 2.5°1@/nf/hPa
around 37 hPa (overestimations obtained from emypgris on blank quartz).

Another uncertainty comes from the limitation ok thkalidity domain of the theoretical models of dmar
microbalances (cf. part Il in Dubreuil, 2001b). ypical example is given in Figure 1 fdf’t= 80 "% At this
time the model used to estimate the film weightfrihe frequencies shifts was changed, which givesall
deviation of the curve.

4.4 Global estimation method

Given these various systematic errors that can dasded but not enough accurately determined towallo
corrections, a specific estimation method has loeeloped to analyse the experimental data. Indeassical
least square optimization was not suitable to egénthe four parameters of the solubility modeicsiquartz
microbalance method induces systematic errors dupréssure and temperature effects while leastrequa
optimization is relevant for random errors. Moregpwehen diffusion and relaxation are coupled, thabfem is
badly conditioned, i.e. close kinetics can be oladi by quite different parameter sets. To overconie
difficulty, we have used a "global" optimization tined that aims to estimate all the parameter gat$cy,
C-,DspTy)", that give kinetics that are compatible with tbeperimental one. Using the upper-bound of the
different experimental uncertainties, we have fitstined two bounding curvesx(t) and mya(t) surrounding
the experimental one m(t), such that the real ldaethould lie between these two bounds. To anddiystics
we are interested only to weight variation from theginning of the step andx(t), Mma{t) and m(t) are
arbitrarily set to zero at the beginning of thgps®®ne example of these bounding curves is detail&igure 1.
They have been evaluated using the pressure ametature measurements and the characterisatioheof t
uncertainties detailed in section 4.3. As can lmnsthe errors effects are not symmetric sincedttection of
variation is known. We then look for all the paraenesets p" that give kinetics included between the two
bounding curves.

The optimization method is detailed in (Walter &nzato, 1997) and we just give the main featofabe
algorithm. First, a large initiad priori variation domain is chosen for each parametedirgato an initial box
(dimension=4). An iterative procedure divides thisial box into smaller boxes that are partitionadeasible,
unfeasible and ambiguous elements. A box is saidilfle (unfeasible) if all its quadruplets""give kinetics
m(t) that are included (that are not included) leetw the two bounding curves for the whole measuneme
horizon. Other boxes are said ambiguous. Becaugdasmonotonic versus the four parameters whetudi
overshoot phenomena, it is possible to characte@h box easily by computing the kinetics m(tjoasded
with the extreme values of the box. Unfeasible Boaee eliminated and feasible ones are stored fike.a



Ambiguous boxes are divided into two smaller ormegs the procedure is repeated until the ambiguousadois
small enough. This method has the great advantagee well defined feasible domain for the fouragaeters,
without favouring any specific solution. It is hovez computer time consuming (a few hours on a Bentil
500 MHz for the analysis of one kinetics).
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Figure 2: Evolution of the mutual diffusion coeféint Dsp with the solvent weight fractioms. Vertical lines
correspond to feasible variation domains issuethftbe set inversion method and horizontal linesdlvent
weight fraction domains covered during sorptionofsjlesorption (d) steps.

4.5 Mutual diffusion coefficient in the glassy dama

For each sorption and desorption steps the setsiovemethod was used to analyse the data. Theitevwolof
the mutual diffusion coefficient with the solvengight fraction is given in Figure 2. The results presented in
the following way: the vertical line correspondsthe feasible variation domain issued from theisetrsion
method. When no upper bound was obtained, thecaétiine is drawn up to the graph frame. The hariabline
corresponds to the solvent weight fraction domameced during the step. As can be seen, the \amiat
solvent weight fraction during a step is very sngaften smaller than 0.01), which validates theuagstion of
differential sorption or desorption. The symbolsgsd (d) mean sorption and desorption respectividig value
of the solvent weight fraction corresponding to ¢ft@ss transitionws=0.12, is noted on the graph. Most of the
results correspond to the glassy domain.

The quantitative analysis confirms the results plexk on the kinetics: the estimated diffusion ceoefhts
corresponding to sorption and desorption are cl@sébreuil, 2001b). Moreover, in the glassy domahe
mutual diffusion coefficient decreases strongly whige solvent concentration decreases: betweemmdhree
orders of magnitude for a 0.09 changewin Similar results were obtained by Boom and Sanolgquoon the
system PMMA/methylacetate (Boom and SanopoulouQ@Dn the contrary, Billovits and Durning obsenaed
large difference in the {3 variations between the rubbery and glassy domaib&ining a nearly constant
diffusion coefficient in the glassy domain for thestem PS/ethylbenzene (Billovits and Durning, 3984n and
Lee obtain also a "plateau” in the glassy domaimthe system PHEMA/water (Sun and Lee, 1996). This
"plateau” was interpreted by the authors as theemurence of large slow down in free volume decrehseto
the glass transition.



These different behaviours show that the influesicglass transition on the diffusion coefficientascomplex
problem and that the respective influences of yfstesn nature, the experimental procedure and stardie to
the glass transition is still not deeply understood

5. Conclusion

A detailed analysis of differential swelling andyithig kinetics has been performed for a PMMA/PnBMA
copolymer in the glassy domain. Special care wesrgio the treatment of the experimental unceresrand a
specific global estimation method was used to aeathie data. Contrary to some authors, we havebserved

a large slowing down in the evolution of the diffurs coefficient in the glassy state. Further wonkl extend
this study to non-differential steps, closer tousigial configuration, and to the influence of clypeer
composition on diffusion behaviour.
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