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I. Introduction

For a large number of the presently known porous membranes,
the membranes produced by nuclear-physical methods are of speqial
interest. This type of filtration materials has appeared owing to
the possibility of revealing latent tracks in the different poly-
meric materials irradiated by heavy ions ﬂ,g] or by fission frag-
ments [3], and then treated chemiocally. The so-callsd nuclear $rack
membranes have a high uniformity of porous structure (the size
and shape of pores) and, therefore, provide a high separation
selectivity of various dispersive media.

To solve a varietylof problems the nuclear track membranes
are generally used in installations designed for long operation
under normal conditions and at high temperatures. In the latter
case one should note the manufacture of screen—vacuum insulation
(thermal deposition of metallic layers onto the surface of a
membrane) [4], periodical sterilization by autoclaving in medicine
and food industry [5,6] as well as other processes that occur
at temperatures above the room one. In this case the nuclear track
membranes should have stable operating characteristics.

It is known that polymeric membranes can change their filtra-
tion productivity and selectivity spontaneously, for example, in
the process of filtering liquid media [7]. This happens, primarily,
because of the deformation changes by the discontinuocus éhange of
the hydrostatic pressure on the high-curved surface of channels.
The smaller the radiua of the channel, the greater the magnitude
of the streas appearing on the pore surface. Other causes can also

lead to poroasity changes. The nuclear track membranes are not an
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exception but rather a model porous medium that is convenient for
investigation and control.

In the present investigation the time dependences.of the pore
radius of the nuclear track membrane from poly(ethylene terephthalate)
(PET) in the wide temperature range (333-473 K) are plotted by the
experimental way and the theoretical estimates of the experiment

are made.

2. Nembrane samples

The samples of nuclear track membraneas were produced on the
basis of partially-orystalline (the crystallinity rate is over
50%) PET film, which is usually used in capasitore, with bioxial
orientation (the extrusion ratio is 1:3 and 1:3), thiocknesa 1is
10 um, average density is 1,4 g/cm3, average molecular weight is
about 31000 and the modulus of elasticity is 3500-4000 MPa. The
fi1lm was irradiated by a heavy ion beam and then treated in the
conventional manner [1,2]. The porosity of the membranes did not
exceed 1%, which permited the pores available in the membrane material
to be considered practically isolated one from another. The measured.
effective pore radius of the samples lies in the range from 4.5 to

170 nm.

3. Experimental procedure

The effective pore radius of the membranes was measured with
the acouracy of about 2-3% in a set-up designed for gas-dynamical
control at room temperature [8]. The samples were glued upon the
metallic base of a filter holdér having a calibrated hole with a
diameter of (3.00%0.05) mm. This allowed one to avoid additional
manipulations during the process of thermal treatment and control
of the samples.

The study of the deformation meohanisms of the PET nuclear

track membrane structure was carried out in the temperature range

from 333 to 473 K. The samples were kept in a vacuum-dryer of SPT-200-
$ype under a rarefaction of up to 10 Pa for a presoribed time.
To reduce the processes of the thermal-oxidative destruction of
the polymer, after each experiment argon was fed into the vacuum
dryer and then the temperature was reduced to room one and the

samples were removed for control.

4. Experimental results

The experimental time dependences of the gas—dynamical pore
radius were obtained at various temperatures of the heat treat-
ment. They are shown in Figs. 1 (a,b,c), 2 (a,b) and 3 (a,b).

As a result of some dispersion of the pore shape and number, the
initial pore radii Ro of the membranes in different samples can
vary within 210%.

The analysis of the dependences found reflects at least three
existing forms of changes of the gas-dynamical pore radius: the
healing, a small growth with the subsequent decrease to practically
initial pore magnitude and a very visible pore growth [9,10].
Correﬁpondingly, if the healing is observed in the whole temperature
range, that irreversible pore growth is typically characterized by
a pore size of 60 nm only at temperatures of 453 and 473 X. The
behaviour associated with a small pore growth is noticed in
practically all tests with pore radii above 20 nm.

As has been shown earlier by us [9], the healing of the pores
is connected, in the first place, with the Laplace pressure on the
pore surface leading, as the compliance increases (with temperature
growth), to the more pronounced effect of the porosity loss. The
pore growth at high temperatures was connected with the process of
the'polymer mass transfer to crystallization centres when the
degree of the PET crystallinity increased. This was confirmed in

experiments of measuring the weight-percent crystallinity ratio
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nm basis of the Avrami equation for secondary crystallization are

shown in Table 1.

- It should be noted that the exponent values of n lie in the

range from 1 to 2 and correspond to the values obtained for the
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erystallization process in non-oriented PET [11]. The crystalliza- elements [16] then the rate of the relative deformation of a polymer

tion rate constant, naturally, is increased as the temperature can to be written as [8]:
k
increases in particular, from 433 to 453 K it is increased by a g ( )
- . +
6 y = 6= expi-t/6; m; iml, @
factor of . Just at those temperatures the irreversible pore (=2

growth is observed. The approximative curves are plotted -in Fig.4 where 71 , 8( are the dynamic viscosity and lag time of the ith
on the basis of the obtained coefficients. From the shapes of these Kelvin-Foihgt-Meyer element.

curves 1t can be proposed that near 373 K there lies the transition ..‘ It is easy to show that the sum in the brackets i1s inversely
region from the glassy state to high-elasticity one of the PET, and | proportional to the effective dynamic viscosity, 1.e.

this corresponds to known results for oriented polymers [12,13-_]. X: 6[1/'7(”] . 3)

For pore radii R_ above 15-20 nm the Laplace pressure is
o Then, on the basis of eqs.(1) and (2) the following expression

negligible (it is visible only at temperatures over 473 K) and
can be derived:

other processes begin to prevail in the deformation of the porous

L) K
structure. Indeed, as known, the inner tensions exist in oriented R = A - i l_exp(__nel) 4)
polymers and, particularly, in the PET they are not relieved even z'zf 2 i=2 ?i
after the technological heat setting of films [14]. Then any After integrating it has the form

increase in the polymer temperature leads to some stress G(T)

k
which can cause a small pore growth relaxing in time. R(H:Ro_%{% +Z)l[1 - EXD('T/B:’] , (5)
=2

5. Theoretical estimates

where J1 18 the compliance of ith Kelvin-Poight-Meyer element.
5.1. Pore healin .
& In eq.(5) one can consider the two extreme cases:

The known solution to define the healing rate of the isolated a) when t<< ei

pore into the solid medium can to be written as [:14]:

X
' 1
R(H:Ro_i.. + (6)
AR

b) when t »81

ﬁ=—a(/27, )

————

where A 1s the coefficient of surface tension on the bound between

the 80lid medium and the gas; 7 is the dynamic viscosity. 4 _L X
RIN =R~ 5 [+ %) @
However the real polymer materials are characterized by the = No 2 '2’_ 3 th,
[

1 ti hani £ def h i t th
relaxation mechanism o eformation which manifests itself 1n. e which are the equations of the straight lines.

presence of the wide set of relaxation times (the spectrum) or in
: 5.2. Relaxation of the internal stresses
the appearance of the dependence of viscosity ? on time t. If we

use the Alfrey mechanical model with the set of Kelvin-Folihgt-Meyer The temperature growth increases the mobility of polymer

macromolecular segments which are éxpeoted to tend to an equilibrium



state with greater speed. The process can be connected with the
appearance of the internal stress CS;(T) of which the relaxation
can be desoribed on the basis of the Alfrey mechanical mcdel with

the set of the 1th elements:

4
Gt =G T) ;EXP(-UBH . (8)

However, the relaxation of certain polymer chains causes
deformation in others and this leads to the appearance of new
internal stresses. Deformation of this macromolecules can be
modelled as a set of mth elements in the Alfrey model, in which
the main role should be played b; the relaxation times for stabili-
zation of the system as a whole. Then, on the basis of eq.(8)it is

possible to pass to the equation for polymer deformation [16]:

L) t s
¥ :6°(T)§(1/7(i)Jexp(-(t—“')lej)gexp(— %i)d'r X (9

where T 15 the "current" time. After integrating eq.{9) we obtain:

{ m
- Q. 10
[ = OT) 2 2. 4,6, [exp(-t/8,)- expl-t/6}/B,-6;) . 1
td
Let us assume that the fractional change in deformation of a
polymer is proportional to that in the area of the nuclear track
2
membrane pores X:W’no(Rz—Ro) (here ﬂo is the pore density in
the membrane, whereas for a small change in R :

= G (& __"Jel_ - - - . “1)
R ‘Ro*'moz % ei_e‘i [exp( T/B;) EXD( Heﬁ] .

The equation obtained describes the dependence with a proncunced

maximum 1f the magnitude of the change in FZ will decrease with

increasing Mg and on and increase with J .
5.3. Pore growth in the crystallization process of the polymer

The pore growth effect due to the polymer mass transfer during

bosh &he crystallization and the relaxation of internal stresses
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can be estimated quantitatively. Indeed, the crystallization process
is accompanied by increasing polymer density when the polymer

volume decreasgs. We suppose that part of the released volume is
spent on the pore size growth. In this case the fractional change

in pore radius is expected to be proportional to the fractional
change in the sample volume, i.e. J= 0(‘?1'—‘%)/9’:]’_%“?2“ Ri)
(where g:pxﬂo+£(1—wo)is the initial PET density:ﬂ:_an)ttg“—(L){)
is the PET density at the moment t; \9K1Jl1 are the densities of
the crystalline and amorphous phases;a)o, { are the degrees of

the PET volume crystallinity (the initial and that at moment t);

a is a coefficient). Then, on the basis of the Avrami equation

for the weight crystallinity ratio of the polymer the pore radius

can be written in the first approximation as
R=Ry* a(pe-fult-Yi[i-expl-Ki2mnR,p, . @2

From eq.(12) it follows that the porosity growth of the membrane
is the higher, the larger the part of the amorphous phase in the

original PET film.

6. Interpretation of experimental results and discussion

To describe the whole set of the experimental data it is
necessary to take into account the three independent deformation

mechanisms of the membrane porous structure. From eqs.(5), (11) and

(12) one can obtain:
K
eR - R,= %{flqg %;th—exp(- e} +
A D 2 JiBexpl-tr6:)-expl-t/8]]8;-8;) + (13)

t

¢
B[1- exp(-Kt" ’

11



wnere A= Go/29T0R, » B = a(Py-falli-VYe/ 200 R, P -

The interpretation of the experimental data using eq.(13) 1is
very difficult because of the large number of unknown coefficients
entering into the expression. For the convenient treatment of the
results by the least-squares method (LSM) we used,in second term
of eq.(13), only the first items in the sums (l=m=1) by introducing
the two characteristic lag times ei and 82 .

In addition, the treatment of the results can be carried out
beginning from those pore radii for which the only mechanism of a
change in membrane porosity manifests itself. So, at temperatures
below 373 K the third term in eq.(13) can be neglected but in the
sum of the first component only the first term can be retained [1‘].
The empirical coefficients obtained in this way are given in Table 2.

From Table 2 it follows that the compliance of PET JZ( L
Qhansu weakly with temperature) in glassy state remains practically
invariable. So, if £ 1is aasuﬁled to be equal to 0.056 N/m f18],

then Jp will be equal to (3.2%1.4) 1078

m?/N and 71 to about

1013 Pa»s, that is close to the value usually accepted for the
glassy state of an amorphous polymer (greater than 101" Pars) [19] .
For the characteristic times 81 and 62 defining the relaxation
of the internal stresses an evident temperature dependence is also
observed. In this case e‘_ is always greater than 62 . Indeed,
heating the polymer leads to residual relaxation of the stressed
polymer chains with large times 62 . Meanwhile the departure from
the quasi-equilibrium state of other macromolecules results in the
appearanceof their response in the form of the "rapid" relaxation of
62' Taking into account the values of Ja the estimate of ,12
(62: ?2 JZ) gives the same order of magnitude as that for Q‘-'

In accordance with the defined parameters, the curves describing

experimental data well are plotted in Fig.t.
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Table 2

The coefficients of eq.(13) for temperatures below 373 K

T,K 333 343 363
Ji&/Z, nm 0.9%0.4 0.9%0.3 0.8%0.4
”(/271’ nm/h (9%3) 1073 (3.5%1.6)1072| (5.2%1.5)1079

B¢ . n 76%4 35415 35%18
8, . n 2015 7.0%1.5 2.0%0.3
1
ot
8.
6.

Fig. 5. Temperature dependence
of the PET compliance

T

333 353 373 393 453 TK

To describe the experimental results of temperatures above
373 K, in the first place, one should use the limiting cases of
pore healing, i.e. eqs. (6) and (7). Indeed, as the evident
exponential decrease in the membrane pore radius is observed only
at 343-363 K (Fig. 2 (a,b)), at higher temperatures on the given
time scale the exponent is not deoided (the lag times are less
than 1-2 h). In this case eq.(7) can be used LSM to determine the

parameter O(J /2. In Fig.5 the oalculated values are plotted as

13



functions of the temperature and are approximated as a linear
function. The region of the vetrificasion temperature of PET is
seen clearly. The behaviour of this dependence defines the mechanism
of the pore healing in a nuclear track membrane over the whole
temperature range. So, in the glassy state of the PET the healing
value is practically independent of temperature, but in rubber

state it increases with temperature. The latter leads to the healing
of pores with on above 20 nm in competition with the crystalliza-
tion process of the PET, Fig. 3 (a,b). The basic parameters of
eq.(13) obtained at high temperatures are shown in Table 3.

The obtained ooefficients B allowed also to estimate the
parameter A to be about 0.1. That indicates that in the process of
the secodary crystallization only aﬁout 0.1 of the polymer mass
transferred leads to the pore growth but the rest of the polymer
seems to be spent on the redistribution of the freevolume [20]
and on the growth of voids as 18 usually the case with polymer
annealing [21].

The coefficients given in Tables 2 and 3 permitted the
description of the whole set of experimental data on the basis

of eq.(13) within an error of 5%,

Table 3

The coefficients of eq.(13) for rubber state of the PET membrane

T,K 383 403 423 453* 473"
B, n 4%y 5¥2 1.30%0.22| - -
62, h 0.32%0.16{0.20%0.11 | 0.30%0.08| - -
B, nm -~ - - 7.2%2.8 | 16%141

*
Here the calculation for the crystallization process with eq.(13)

is made taking into account the earlier defined parameters K and

n of the Avrami eguation.
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Conclusion

The experimsantal study of the porous structure deformation
of the nuclear track membrane from polyethylene (terephthalate)
in the temperature range from 333 to 473 K bhas allowed one to
reveal the three very likely processes. The first one prevailing
for pore radii smaller than 15-20 nm characterizes the healing of
the pores as affecfed by the Laplace pressure. The second process
manifests itself at pore radii greater than 15-20 nm and is connect-
ed with relaxation of the internal stresses in the polymer material.
The third process dominates at temperatures above 433 K and leads
to visible pore growth when the crystallization process of the PET
is accompanied by mass transfer.

On the basis of the Alfrey mechanical model of the viscoelastic
deformation of polymers and the Avrami equation for PET crystalliza-
tion, an expression was derived which describes satisfactorily
the kinetics of the pore radius change in a nuclear track membrane

in the investigated ranges of both temperatures and pore sizes.
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OBUMHHUKOB B.B. E12-89-762
Mexaunsmpl gedopMupoBaHus MOPHCTOH CTDPYKTYPHI
ANepHON MeMOpaHel M3 NONMH3THIeHTepedranara

JKCIepUMeHT anbHLIM nyTeM HCCIIEOYWTCA MeXaHH3Mbl nedopMH-—
POBaHHsA NOPHCTOH CTPYKTYpH SALEpHOL MeMO6paHbel U3 MONUITUIIeH-
TepedTanara B guanasoHe TemmepaTryp oT 333 oo 473 K. Iloka-
3aHO, 4YTO pasMepsl MOp MeMBPAaHbl MOTYT Kak yMeHbmaThbCcA, Tak
H pacTH. [loflyueHo aHamuTuyeckKoe BolpaxeHue, Gasupylmeecs
Ha MexaHHuecKOM nopxone Andpesa k pelrakcanMoHHoMy pnedop-
MHPOBAHHUI IIOITHMEPOB H YOOB/IET BOPHTEIIbHO ONMUCHIBAWMEE SKC—
llepUMeHTallbHble pe3yNbTaThl BO BCEM HCCJEOOBAHHOM OuanasoHe
TeMneparyp 4 paguyCcoB mop Memb6paH.

PaGoTa BhimonHeHa B JlaGopaTopuu ApepHelXx peakuuis OWUAU.

[Ipenpuut O6venuneHHOro HHCTHTYTa AMlePHLIX HCCIenoB aHmi, y6Ha 1989

Ovchinnikov V.V. E12-89-762
The Deformation Mechanisms of a Porous

Structure of the Poly(ethylene Terephthalate)

Nuclear Track Membrane

The deformation mechanisms of a porous structure of

the nuclear track membrane made of poly(ethylene tereph-
thalate) are 1nvest1gated in the temperature range from
333 to 473 K. It is shown that the pore size of the mem—
brane can both decrease and increase. The analytical equ-
ation based on the Alfrey mechanical approach to the re-
laxative deformation of polymers describes the experimen~-
tal data satisfactorily over the whole range of tempera-
tures and pore radii of the membranes.

The investigation has been performed at the Laboratory
of Nuclear Reactions, JINR.
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