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Abstract. Experimental results of aging behavior for a polyreelution, when the control parameter is the
solvent vapor pressure above the film (i.e. thévigt and the observation is the solvent concditira are

presented. Various aging protocols have been peéedrand analyzed on the system Polymethylmethderyla
(PMMA)/Toluene.
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INTRODUCTION

Physical aging of glassy polymers is characterizgdh slow evolution of the system physical propsrtivith
time, which depends on the whole sample historpwehe glass transition. In this paper we pres&peemental
results of complex aging phenomena for a polyméutiem, when the control parameter is the solveapor
pressure above the film (i.e. the solvent activiagyl the observation is the solvent concentraiida.have used a
Polymethylmethacrylate (PMMA)/Toluene solution aeaperature smaller than the glass transition ¢ézatpre of
the pure polymer. Then the film is swollen whea $siolvent concentration is high and glassy belgivan solvent
concentration. By changing the solvent vapor pmesabove the film, it is possible to swell or dngtfilm and to
study the glass transition induced by solvent desmr [1]. Aging behaviour for various protocolsshizeen studied
in a previous study [2,3]. A model joining up polgnthermodynamics theory [4] and glass relaxatiaefs [5]
allow to capture some of the of the observed phemambut fails in describing the specific kinetitserved when

aging is followed by a short but deep quench. Ia ffaper we report additional experimental resoitsthis last
point.

EXPERIMENTAL

The polymer used was PMMA (Sigma-Aldrich) and tledvent Toluene. According to the suppliers, PMMA
glass transition temperature ig 3395 K, the molecular weight is 350 000 g/mol amel polydispersity is between 4
and 5; Toluene has a 99.9% purity. The densitie$MMA and Toluene are 1170 kg/nand 867 kg/m
respectively. Four samples have been used. Thet finse was obtained by slow drying of a
PMMA/Methylethylketone solution, transferred onta38 pm thick aluminium substrate, and annealed7&t I3
during a few days. Two others were spin cast oifitoe wafers using a PMMA/toluene solution, tragrséd onto
38 um thick aluminium substrates, dried severabdayambient temperature and then dried 24 h inuwracat 298
K. The last one was obtained in a similar way, pkea that the film was not supported on a subst@tpported
and non supported films are about 0.6 um and 2.2thick respectively. Note that for such film thigdss no
influence of the thickness on glass transitionxjgeeted.



The mass of the film in the presence of the solwamour was measured using a Hiden IGA balance. The
measuring cell is filled with pure solvent vapowo (inert gas) whose temperature and pressure argaaely
controlled: temperature is kept constant at T=298 ®05 - that is 97 K below the glass transitiemperature of
dry PMMA - and pressure P ranges from a few Paeth6tPa in the following) to 3.4x1Pa with a stability +2 Pa.

Assuming that the solvent vapour behaves as ahgasathe activity of the solvent is given by a&gy/(where
P,s=3.79x10 Pa is the saturated vapour pressure of toluen8&K2. In the following we use the activity as the
control parameter to analyze the results. Befooh ean the pressure is maintained at or above &£3:9.4x18Pa)
during 160 min. The polymer film is then largelyddlgn (containing about 50% of solvent which is Madove the
solvent concentration at the glass transition) aedcan assume that it is molten and that the pusvjressure
history is erased. A first family of pressure cyglealled cycle | in the following, consists in degsing the pressure
down to a givemctivity ay, (Step “a” in Figure 1)keeping a=g,, during a waiting timesg,,(step “b” in Figure 1)
and then increasing the activity again up to Ot&p(sc” in Figure 1). A second family of pressungles is similar
to the previous one at the beginning, i.e. thequnesis decreased to a givastivity a,,during a waiting timesf,p
but then the activity is decreased to zero ands#éimeple is kept at zero pressure duringetfore the increasing ramp
[6]. Such a cycle, called cycle Il in the followirig given in Figure 1 forsa;=0.396, ,,=600min andg=60min.

The pressure ramp rate is 25 Pa/min in all theoperdd cycles. This rate of pressure variation @fmam a
compromise between the duration of the experimedtthe diffusion time inside the film. The charaistc time of
a decreasing ramp being about 140 min and the thiickness 0.6 pum, the concentration gradient besonos
negligible if the diffusion coefficient is smalléman 10°m?/s. That is less or of same order as the minimuimeva
measured for PMMA/Toluenat very small activities [7] and we assume in théofving that the diffusion time is
always shorter than the time variation of the sal\entent.
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FIGURE 1. Aging protocol. Activity (continuous line) andlgent mass fraction (dotted lines) for cycle | (grrirves) and cycle
Il (black curves).

RESULTS

Desorption and resorption isotherms for an aging=0.396 and cycles | and Il are compared in Figure
Starting from a high activity where the film is shem and rubbery (the solvent mass fraction is &l0o4b), the first
part of the desorption curve (0.9>gpaorresponds to the equilibrium isotherm of a erdybpolymer and can be
described by a classical model such as the Flomygihs equation. Below the activity, e&the desorption curve
moves away from the equilibrium isotherm: the fibrglassy and an excess of solvent is observeleaetaxation
times are become too large for the material tafolthe activity change. Then resorption occurstaedcurve meets
the equilibrium isotherm for an activity greater thang(cf Figure 2).

If we first compare the softening behaviour for the cycles I, the softening activity & all the high as the
aging time is large. This phenomenon is well actedily the model that we presented in a recent aoroation
[3]. More surprising is the isotherm correspondiodghe cycle Il. Aging time (600 min) is followed/a short stay
at a=0, which greatly changes the softening behaviodeed, the system softens even faster than aft aging of
only a few minutes with cycle I.
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FIGURE 2. Desortion and resorption isotherms. Aging attiis 0.396. For cycles |, aging time is 4min (chatted line) and
603 min (green continuous line). For cycle Il,ragtime is 600 min and {time at a=0) is 60 min (blue mixed dotted line).

The specific behaviour of cycles Il was obtained dther experiments and does not depend on thelsamp
preparation (c.f. experimental section) as showfigure 3 where results for various samples anébwuaraging
times are shown. Hopefully these experimental teswill bring new insights on the problem of glasstate
dynamics and call for theoretical developments.
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FIGURE 3. Softening time ([as-ag]/[da/d{], where da/dt=@.6%min] as a function of the total time elapsed beloe gass
transition. Green diamonds correspond to cyclpink (supported films) and brown (hon supportechd) squares correspond to
cycles Il
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