10 Macromol. Theory Simu8, 10-14 (1999)

An asymptotic analysis of polymer desorption and skinning
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SUMMARY: During desorption of penetrant-saturated polymers, a glassy skin can form at the exposed sur-
face. The associated dynamics are not purely Fickian due to viscoelastic relaxation effects in the polymer. A
model is presented which captures these nonlocal effects. The motion of the glass-rubber interface and the
accumulated desorbed flux are calculated. The model also describes trapping skinning, where an increase in
the driving force reduces the amount of penetrant released.

Introduction terms of dimensionless parameters for the desorption pro-

One unusual feature of polymer-penetrant systems isb¢J;1em with arbitrary exterior concentration.

change in the polymer from eubbery state when it is
nearly saturated to glassystate when it is nearly dry.
Sometimes a glassy skin develops at the exposed surfd@@verning equations

when a saturated polymer film or fiber is desorbed. Thisrhough the diffusion coefficier® in such polymer-pene-
phenomenon is callefiteral skinningsince the polymer ... systems may vary severely with concentrafion
is now in two states — the glassy skin and the deeper rup;, 1 and Crank and Pabknote that the lower diffusion
bery materidi®. Because the diffusion coefficient in the coefficient in the glassy region is not enough to explain

glass_y skin is much I0\_Ner than in the rubbery region, det'rapping skinning. Therefore, though a Fickian-type
sorption of saturated films may be slowecuch effects ;e may capture the dynamics in the rubbery region,
muste;ea)taken into account in various industrial prog, gittusion in the skin a more sophisticated model must
cesses s be employed.

When certain polymer-penetrant systems are desorbedry s motivated by the discussion in the Introduction,
an even more unusual phenomenon calfeping skin- e nostulate that the chemical potential depends not only
ning can occur. An increase in the driving force for the,, ha dimensionless concentrati@h but also on the

desorption will usually increase the_ accumu!ated fluXtresss in the polymer networ®. Deriving the mass bal-
through an exposed surface. Trapping skinning OCCULZ,ce |aw from the chemical potential, we obtain the fol-
when an increase in the force driving the desorptlo[bwing dimensionless equatiofs

decreaseshe accumulated flux. This behavior cannot be

fully explained by the lower molecular diffusion coeffi- C. = [D(C)C + a4, x>0 t>0 (19
cient in the skif 378
Though these anomalous phenomena incorporate B(C)

numerous physical mechanisms, one important factorisa + o=7C+G (1b)

viscoelastic stress in the polymer entanglement network. &

This stress, which is a nonlinear memory effect, dependgheref(C) is the inverse of the relaxation time apds a

on the polymer’s relaxation tinféY. Edwards and positive constant. Note that Eq. (1b) is similar to the evo-

Coher* ¥ have derived a set of model equations for gentution equation for viscoelastic stress, but recall thas

eral polymer-penetrant systems of this type, though motie stress for the polymer network, rather than the total

studies of this model have been concerned with sorptiasiress in the system.

experiment§¢. There has been one study of desorption The glassy state of the polymer (denoted by sub- and

using this modél), but the results do not extend to thesuperscriptgy) is defined as having < C., whereC, is

case of arbitrary concentrations of the penetrant in thtae glass-rubber transition concentration; the rubbery

external environment. state (denoted by sub- and superscrigtss defined as
Two physical quantities are of particular interest whemaving C > C,. In order to obtain a system which is

modeling desorption processes: the motion of the glassmenable to asymptotic techniques, we approximate

rubber interface and the accumulated flux through thg(C) and D(C) by their averages in each state, thus

boundary. We shall describe each of these quantities gbtaining a piecewise constant form, as in Crénk
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Though such chaces are obviously idealzations of the
true behavior modelswith suchformsfor D and § have
producel quaitative agreenentwith various experimen
tal phenonend?20-2Y),

The piecewiseeonstantform for § is motivatedby the
fact that the relaxation time decreaesradcally at the
glass-rubbe transition, which causesa correspnding
increase in %%, Hence, we let f,/f =&, where
O0<e <1, anduseit asour petturbation paramegr. In
addition, a severeincreasein D is locdized aboutthe
glass-rubbe interface where C = C,%202229) g0 we set
D, = O(e). This smal diffusion coeficient can inhibit
the desorpton processf a glassyskin forms SinceDy is
so smal, the domimant contribuion to the flux in the
glassyregon is givenby the stresgerm. This agree with
the observabn that nonlinea relaxation effects are most
pronouncd in the glassyregion

We modelthe desorpton of a polyme whichis initially
saturatedso C(x, 0) = 1. Since any prestresing decays
awayon afasttime scde?”, we treatthe polymer asiniti-
ally unstressed,;so a(x,0) =0. We choose a highly
permeale exteria surface, so the radation condition
therereducesto C(0,t) = C,,, whereC,,, is the concen-
tration of the pendrantin the externalenvironment.Our
problemwill involve matchirg solutionsin theglassyand
rubberystatesThus, it is necessarto imposeconditions
at the moving boundary x = s(t) sepaating the two
regions.Since no addtional physical processs occu at
theglass/rubbertransition, theseconditions are cortinuity
of the penetrah concentation at the transition value C,,
continuity of stressandcortinuity of flux®,

By modeling the polymer as a seami-infinite slab, we
areableto negled shiinking of the polymermatix asit is
desorbed. Howewer, we expect the effects of such
shrinkage to marifest themsebes through a negative
(compressie) stress.The C, term in Eq. (1b) is negaive,
while y is positive Therefore,we may obtaina negative
stressif we allow the C, term to domirate by settirg
y = O(¢). This model then correspond to the one pro-
posedby Tang® andrefined and studiedby Durning and
his colleague$?2230:3b),

The two states

Usingthe aforementiored sizesfor our parametes, in the
rubberyregionequatons (1) becane, to leadng ordet

C' = DeCl, x>s(t), t>0 (2a)

O.I'

0 (2b)

whereDe = D, is the integral sorption Debord numker
for the systemdefinedin Wu andPeppa¥®. We note from
Eqg. (2b) that to leadng order the rubbery polymer
entanglemennetwok is stress-freeHernce viscoelastic

1

effects are unimportantand we obtain the Fickian equa-
tion (2a).

If C.x = C,, the entire polymeris alwaysrubberyand
the purely Fickian solution may be obtainedusing stan-
dad technques.However if C.. < C,, the polymermust
immediatelydevebp a glassyskin at the bounday. Since
there are now two statesin the polymer we must solve
the full moving boundary-vdue problem.Using Eq. (2b)
and information from the next-orde stresstemm in the
rubbery regon, continuty of flux at the glass-rubber
interfacemaybewritten as

CR(s(t), 1) = DeC(s(t), 1) )

The left-hand side of Eq. (3) actualy arisesfrom the
stress term, which dominatesthe flux since Dy = O(e).
However molecdar diffusion dominatesin the rubbery
regon, asindicatedby theform of Eq. (24).

Using the aforememioned sizesfor our paramegrs,in
the glassyregon equatiors (1) becometo leadingorder,

c+Ccl=C] 0 < x<s(t), t>0 (49

XXt

% + g% = C? (4b)

Note that the left-hand sidesof our operates indicate
anuncerlying e™* behavior notonly in the stressbut also
in the corcentration.This is a directresultof visccelastic
memay effects.

Asymptotics

One canwrite the solutionto the systemof equatiors (2)—
(4) asa setof integrd equdions. Perbrming smal-time
ag/mptotics on theseintegrd equatiors subjectto the
front conditions, we have the following short-time
expressionfor the glass-rubbeinterface’:

s(t) ~ 25V
(C. —C.y) exp(—%)  (1-C.) exp(—<2/De)v/De
erf s o erfc(s/v/De) ’
t—0 (5)

We note thatthe front movesin a Fickian way because
the memory terms have not had time to evolve. As C,
increass, not asmuch peretrantneedsto desab in order
for the solutionto attan C, at the front, so s, increases
As De increass, the flux into the front from the rubbery
regon posesa greaterarrie to surmount in orderto pro-
pagte the front, and hene s decrases. As C,,
increass, the flux out of the front to the glassyregionis
smaler, andsos, decrasesn this caseaswell.

Graphsof the calculged values of C vs. x for various
valuesof t areshownin Fig. 1. Gapsappeatin the graph
dueto the fact thatwe solvethe front condition asympte



Fig.1. C(x,t) vs. x for C. =1/2, De=4, C,, =1/4. In
increasingorder of thickness:t = 0.0027,0.009, 0.03, and 0.1.
Theverticallinesindicatethe glass-rubbetransition
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Fig.2. o(xt) vs. x for C,=1/2, De=4, C, =1/4. In

increasingorder of thickness:t = 0.0027,0.009, 0.03, and 0.1.

Theglasstransitionoccurswherethe curvesintersect the g-axis

tically ratherthanexactly. Thoughthe flux is continuous
acrosghefront, C, is notsincethe flux now hastwo com-
ponents.The memay effects have not yet had enough
time to becane dominant, sothe profilesarequalitaively
similar to those for Fickian diffusion. Graphsof ¢ vs. x
for various valuesof t are shown in Fig. 2. We note the
negative (compressie) stressin the polymer entargle-
mentnetwok.

Performig large-time asynptoticsontheintegralequa-
tionssubjed to thefront conditions,we havethefollowing
long-time expressiorfor theglass-ribberinterface”:

S(t) ~ 2s,t
C* - Cext
2y/(1-Cy)(1-C) "’

S = (6)

We note that for large time, we have a constat front
speedwhich is independentof De. Thus, Fickian diffu-
sion is now dominated by viscoelasic memory effects.
As expectedthe largerthe differential betweerthe exter
ior concentrationC,,, andthetransitionconeentrationC,,
thefastea thefront will move.
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Fig.3. C(x,t) vs. x for C. =1/2, De=4, C,, =1/4. In
increasingorderof thicknesst = 50,100,200,400.Theverticd
linesindicatethe glass-rubbetransition
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Fig.4. o(x,t) vs. x for C,=1/2, De=4, C, =1/4. In

increasingorder of thickness:t = 50, 100, 200, 400. The glass
transition occurswherethe curvesintersectthe o-axis after the
peak

Graphsof C vs. x for various valuesof t are shown in
Fig. 3. Once again, gaps form in the graph when the
agymptotics begn to lose validity. Due to the latente™
behaviorin C9, a glassyskin dewelopswherethe concen-
tration in the polymeris within e of thatin the extenal
envronment.

Graphsof ¢ vs. x for various valuesof t are shown in
Fig.4. One again we hawe a negaive (compessive)
stressin the polymer netwok. Insteadof the monobnic
behavior of the stressfor smal time, we note that for
large t, the magnitude of the stressattainsa maxmum
value behind the glassrubberinterface.Hene the stress
builds up in the glassyregion before being releasednhear
the glassrubberinterfaceasa resut of the disentanéing
of the polymer netwok. This type of behavig hasbeen
seenpreviously in this modelin sorpton studes™.

Someremarkson trapping skinning

To investigae the existenceof trapphng skinning, we
define F to be the accunulatedflux throughthe expo®d
boundary The driving force for the desorptbn can be
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enhancedoy reducirg C.,., which forces a greaterflux
throughthe exposedsurface.

If C. > C,, the polymer is always rubbery so we
obtainthefollowing Fickian-typeresult:

D
F=2(1-C.)/ ne lim vt

Sincethe polymer is taken to be semi-irfinite, an infi-
nite amountof penetrahis desorbe. This divergenceof
theflux is adirectresultof the Fickian natue of thelead-
ing-orderoperata.

If C.« <C,, the polymer at the expo®d bounday is
alwaysglassy Note from Fig. 3 and Fig. 4 that the flux
through the exposedsurfaceis exponentially small for
large t. Though we cannotexplicitly compute a closed
form for F, this fact providesstrong evidence that F is
finite?”. If this is indeedthe case,deceasingC,,, (and
henceincreasig the driving force) hasreducedthe flux
desorbedrom an infinite to a finite quantity Therdore,
we believethatthe polymer systemwe aremodeling does
exhibit trappingskinning.

(7)

Conclusions

During the desorpibn of saturatedpolymers, a glassy
skin can form at the expose surface.The formation of
sucha skin slowsdesorptor® becasethe molecuar dif-
fusion coeficient is smalker in the glassyregion=2. In
addition, trapping skinning can occut so an increasein
the driving force will decrasethe total flux throughthe
exposed surface Molecular diffusion alone canrot
describe such behavior; rather viscoelastic memory
effectsmustalsobe consideed* "9,

Dueto the highly pemeableinterface, C.. determines
the state of the polymer at the expogd surface. If
C.. = C,, the polymeris alwaysrubbey, andthe result-
ing problem canbe solvedin closedform. Sincememory
effects are negligible in the rubbey staté®, the soluion
behavesn a purely Fickian way, and due to the infinite
extentof the polymer, the accumulagd flux throughthe
exposedsurfacedivergeslike t¥/2,

When C,;, < C,, thereis an instantaneouscharge in
the polymer from rubberto glassat the exposedsurface.
The glassrubberinterfaceinitially moveslike t¥? since
the memay hasnot had time to devdop. As time pro-
gressesthe front moveswith constantspeedasin casell
diffusionin sorptian experimets®™. Sincethe underying
natureof the operate in the glassyregion (Eq. (43) has
an exponetial decayin time, thereis strong evidence
that the accunulated flux is finite for this case.Since
decreasingC,, correspond to increasng the driving
force, this phenonenoncorrespondgo trappingskinning.
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Nomenclature
The equation humber where a particular quantity first
appearss listed,if applicable.

C(x,t) concentratiorof penetrat at positionx andtimet (Eq.
(1))

D(C) moleculardiffusioncoeficient for system(Eq. (1a))

De integralsomption Deborahnumberfor the system(Eq.
(2a))

F accumulatediux throughthe exposedsurface

S(t) positionof glass-rubbemterface definedby
C(s(t),t) =C,

t time from beginningof experiment (Eq. (1a))

X distancefrom boundary(Eq. (1a))

B(C)  inverseof therelaxdion time (Eq. (1b))

y dimensionles parameer (Eq. (1b))

& perturbatiorexpansiorparaméer, valuef,/f,

a(x,t) stressn polymerentanglemet networkat positionx
andtimet (Eq. (1a))

Othernotation

ext asasubscriptusedto indicatea valueexteriorto the
polymer

g asasub-or supersript, usedto indicae the glassystate
(Eq.(1b))

r asasub-or supersript, usedto indicate therubbey
state

0 asasubscriptusedto indicateatem in anexparsion
for smallt (Eq. (5))

* asasubscriptusedto indicatea quantity at thetransi-
tion valuebetweenthe glassyandrubberystates

o asasubscriptusedto indicateatemm in anexparsion

for larget (Eq. (6))
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