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Effects of tensile strain on the peculiarities of PEO
penetration into the nanoporous structure of PET
deformed via the crazing mechanism

E. G. Rukhlya,* L. M. Yarysheva, A. L. Volynskii and N. F. Bakeev

Solvent crazing involves the development of a highly dispersed fibrillar-porous structure with dimensions

of pores and craze fibrils of about 2–20 nm, and crazing by itself can be treated as a universal method

for the development of nanoscale porosity. The penetration and release of poly(ethylene oxide) macromolecules

into and from the crazes during the development of the nanoporous structure of poly(ethylene terephthalate)

have been studied. In particular, PET has been deformed in dilute or semidilute (unentangled as well as

entangled) solutions of PEO (a Mw of 4 and 40 kDa) via the mechanism of solvent crazing. Hydrodynamic

coil radii Rh, blob sizes x, and concentration ranges (crossover and entanglement concentrations) have

been determined for the PEO solutions. The evolution of the craze structure (change in porosity W and

pore diameters d) has been described as a function of the tensile strain of PET during its drawing in an

adsorption-active medium and in the PEO solutions. PEO has been shown to penetrate into the

nanoporous structure of the crazes under the conditions corresponding to Rh r d and x o d. It has been

shown that coagulation processes in the structure of crazed PET, PEO adsorption at the highly developed

surface of PET, and the mechanism of PEO transport in the nanopores are equally important factors

affecting the direction of the macromolecule mass transfer in the nanopores (penetration or release) and

PEO content variation as a function of PET tensile strain.

1. Introduction

The penetration of macromolecules into nanopores is a complex
physicochemical phenomenon. Its special feature is that very
often the penetration is possible even though the macromolecular
coils are larger than the pores.1–8 In recent years, increasing
attention has been focused on studies of the peculiarities of
macromolecule penetration into diverse nanoporous materials,
such as porous glasses,7,9–12 track membranes,2,13–17 protein
nanopores5,8,18,19 and protein nanochannels.20–23 Crazing in
liquid media24–26 is a universal method for imparting nano-
scale porosity to polymer films and fibers. Crazing consists of
the self-dispersion of a polymer under the combined action of
tensile stress and adsorption-active medium (AAM) affording
nanosized aggregates of oriented macromolecules (fibrils)
spatially separated with voids of nearly equal size. The porosity
development in the course of crazing is accompanied by the
penetration of the surrounding liquid into the nanoporous
structure being formed. The feature of simultaneous develop-
ment of the pores in the drawn polymer and their filling with

the solution underlies the original method of polymer-based
nanocomposite production taking advantage of crazing.27–29 In
the above-cited studies, polymer deformation via the crazing
mechanism in the solutions of various low-molecular weight
compounds has been addressed.

Our earlier reports30–33 were the first to demonstrate the
possibility of deformation of a glassy polymer, poly(ethylene
terephthalate) (PET), in a semidilute solution of another polymer,
poly(ethylene oxide) (PEO), via the mechanism of solvent crazing,
which allows obtaining polymer–polymer blends with a high level
of mutual dispersion between the components. Special features of
polymer deformation in a solution of a high-molecular compound
are as follows.30–33 (1) PET deformation in semidilute solutions of
flexible-chain PEO is accompanied by the formation of nanosized
pores and efficient penetration of PEO into the pore space. (2) The
amount of PEO in the crazed PET is markedly larger than that
calculated assuming that the PEO concentrations in the solution
filling the PET pores and in the surrounding solution are equal.
The excessive content of PEO can be attributed to its adsorption at
the highly developed surface of the fibrillized polymer in the
crazes. (3) PEO penetration into the pores of PET being developed
via the crazing mechanism is enormously fast, occurring within
minutes of the drawing. At the same time, the equilibrium is
attained much slower, within days, in the course of PEO diffusion
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into a pre-formed matrix of the crazed polymer. Noteworthily, the
above-listed peculiarities are common for penetration of flexible-
chain macromolecules into the nanoporous structure of polymers
being deformed via the crazing mechanism; they have been
observed upon drawing various amorphous (glassy) and crystalline
polymers.31,34,35 Therefore, crazing of polymers in solutions of
high-molecular compounds may be considered a simple and
universal method to prepare the finely dispersed polymer–polymer
blends.

Importantly, the same PET deformation strain was applied
in the above-mentioned studies of PEO transport into the
nanoporous crazed PET; therefore, parameters of the porous
structure are similar. However, the nanoporous structure evolution
during the crazing deformation of a polymer in an AAM is a
complicated process. Initially, crazes with their unique fibrillar
porous structure start to grow in the direction perpendicular to
the direction of the applied stress crazes. Once the initiated
crazes pass through the whole cross section of the sample, the
stage of craze thickening comes when the growing crazes
increase their width along the direction of tensile drawing. At
this stage, the starting bulk polymer is continuously trans-
formed into a finely disperse ‘‘substance’’ (oriented (fibrillized)
state) composed of crazes. However, at some point this process
becomes unfavorable, and the excess surface area should be
somehow decreased. Therefore, at a sufficiently high tensile
strain, when a substantial part of the polymer has been
transformed into the oriented fibrils, collapse of the porous
structure starts, accompanied by transversal contraction of the
polymer. The contraction results in decrease of porosity, average
pore size, and specific surface area of the material.24,36

In this work, we elucidated the influence of the structure
evolution during PET crazing in solutions of PEO on the macro-
molecule penetration into the formed pores. To do so, we
studied the effects of PEO molecular mass and concentration
(in particular, dilute, semidilute unentangled and semidilute
entangled water–ethanol solutions of PEO were used) on the
mechanism of PEO penetration into the PET material being
deformed up to the fibrillar-porous structure collapse at high
tensile strain.

2. Experimental
2.1 Materials

Amorphous non-oriented polyethylene terephthalate (PET) films
with a thickness of 100 mm were used as the matrix. Poly(ethylene
oxide) (PEO) with a molecular mass of 4 kDa (PEO4K) or 40 kDa
(PEO40K) was used as the flexible-chain component (both from
Aldrich; the polydispersity index of 1.1) for penetration into the
solvent-crazed PET. Tensile drawing of PET was carried out in the
ethanol–water (7 : 1 by volume) solutions of PEO. A water–ethanol
mixture (1 : 7, v/v) was chosen as the adsorption-active medium,
since ethanol is adsorption-active towards PET and facilitates the
development of deformation via the crazing mechanism. Water is
inert towards PET; however, its presence ensured the solubility
of PEO.

2.2 Sample preparation

PET–PEO blends. High-molecular PEO is solid at room
temperature; therefore, it can only be incorporated into the
PET film being deformed via crazing from the solutions. The
PET samples with a gauge size of 6.15 � 20 mm immersed in a
PEO solution in the water–ethanol (1 : 7 v/v) mixture were
stretched at a constant strain rate of 5.4 mm min�1. The PEO
concentration in the solution was varied from 5.5 to 30 (w/v)%
(from 5.5 to 30 g for 100 mL solution). The solvent-crazed
samples (PEO–PET blends) were wiped off in order to remove
the residual PEO from the surface and then dried under
isometric conditions until their weight was constant to remove
residual solvent. The content of PEO in the blends was estimated
gravimetrically.

Sample for the experiments of PEO diffusion into the
pre-crazed PET under the concentration gradient. The PET
films immersed in the water–ethanol (1 : 7 v/v) mixture were
stretched at a constant strain rate of 5.4 mm min�1. The
stretched samples were fixed in the clamps without removal of
the solvent, immersed in the 20% PEO solution, and incubated
under isometric conditions (preventing shrinkage).

2.3 Calculation of porosity

Porosity W of the solvent-crazed PET was defined as the

penetration volume change
DV
V0
¼ Vt � V0

V0
� 100%, with DV

being the increase of the specimen volume after its tensile
drawing given the tensile strain, and V0 standing for the initial
specimen volume.

2.4 Content of PEO in PET

The content of PEO was determined by weighing and is defined

as
Dm
m0
¼ mt �m0

m0
� 100%, with m0 being the initial mass of a

PET specimen and mt standing for its mass after deformation
in a PEO solution and after removing the solvent.

2.5 Calculation of the theoretical content of PEO in porous
PET

The theoretical content of PEO was estimated assuming that
the surrounding PEO solution was merely filling the whole pore
volume without any change in the concentration. Then the PEO

content could be calculated as follows:
Dm
m0
¼ cW

ð1�WÞr� 100%,

with c being the PEO solution concentration, r being the PET
density, and other symbols having the same meaning as in the
above equations.

2.6 Pressure-driven liquid permeability

Effective pore dimensions for the PET sample stretched by
100–300% in the ethanol–water solution were calculated
according the procedure described in ref. 37 from the data on
volume porosity and pressure-driven liquid permeability. To
gain information on pore dimensions for the ‘‘native’’ solvent-
crazed samples (or, in other words, for the samples whose
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structure remains virtually unchanged after their tensile drawing),
the solvent was not removed from the solvent-crazed samples and
their contour was fixed by an O-shaped metallic framework in
order to prevent any shrinkage. Liquid permeability through the
porous samples was measured using an FMO-2 membrane cell at
a pressure of 2 MPa with respect to the same water–ethanol
solutions, in which tensile drawing via solvent crazing was
performed. The cell was modified in a way enabling the
measurements in the presence of a liquid medium, under the
conditions preventing the specimen shrinkage after drawing.
Thus, the effective pore diameter determined via that method
reflected the ‘‘native’’ structure of the crazed PET. The effective
pore size (r) in the crazes was calculated from the data on the
liquid permeability (G) and porosity (W) of the solvent-crazed

samples using the Pouseille equation: G ¼Wr2S0DP
8Zd

, with DP,

the external pressure; d, the film thickness; Z, the liquid
viscosity; and S0, the film area.

2.7 Viscosity

The penetration viscosity of the PEO solutions in a water–
ethanol mixture was measured using an Ubbelohde viscometer
(viscosity of the mixed solvent was of 2.33 cps; no corrections
for kinetic energy was made). Prior to the measurements, all
solutions were incubated at 20 1C for 15 min; the temperature
was maintained within �0.2 1C.

2.8 Light scattering

Light scattering of the PEO solutions was measured using a
Photocor Complex photometer (Photocor Instruments, USA)
equipped with a He–Ne laser as the light source (10 mW,
l = 633 nm, scattering angle of 901). PEO concentration in
the solutions was 0.7 wt%. The solutions were filtered through
Millipore porous filters with a pore size of 0.2 mm. The hydro-
dynamic radius of the macromolecules Rh was calculated from
the self-diffusion coefficient D data using the Einstein–Stokes

equation: Rh ¼
kT

6pZD
, with k being Boltzmann’s constant,

T standing for the temperature, and other symbols having the
same meaning as in the above equations.

2.9 Correlation length

The correlation length (x) for the PEO macromolecules in the
water–ethanol solution was calculated using the equation for

the flexible-chain polymers in a good solvent: x ¼ Rh
c

c�

� ��3
4,

with c* being the crossover concentration (see below), and
other symbols being explained as above.

2.10 Crossover concentration

We calculated the solutions’ intrinsic viscosity [Z] by extrapolation
of the reduced viscosity to zero concentration. The crossover (or
overlap) concentration c* was calculated from the intrinsic
viscosity data according to the Debye criterion:c* = [Z]�1

2.11 Entanglement concentration (c**)

The entanglement concentration corresponding to the appearance
of a network of entanglements involving all the macro-
molecules in a solution was determined from the inflection
point in the plot of the solution reduced viscosity as a function
of concentration.

3. Results and discussion
3.1 Characteristics of PEO solutions

Depending on the concentration, polymer solutions are classified
into dilute, semidilute unentangled, semidilute entangled, and
concentrated ones.38,39

Macromolecules exist as individual isolated coils in the
dilute solution, and the polymer–polymer interactions are
insignificant. It is commonly believed that the transport of
macromolecules in nanopores from dilute solutions occurs via
the translational mechanism, and the value of the hydro-
dynamic coil radius Rh r d serves as a critical parameter.
A different behavior is observed in the case of semidilute
solutions. As the polymer concentration increases up to the
crossover range (c*), the individual chain motion cannot
be considered independent anymore since the coils start to
overlap and a fluctuating polymer network appears in the
solution. The network mesh size, referred to as the correlation
length (x), corresponds to the distance measured along a
chain between two intermolecular contacts. According to de
Gennes, a macromolecule of a flexible-chain polymer in the
semidilute solution may be represented as a chain of blobs,
its root-mean-square size corresponding to the correlation
length x.40,41

The formation of the fluctuating polymer network starts at
the crossover concentration c* and continues up to the c**
concentration, the latter one marking the passage of the system
to the semidilute entangled solution regime containing a network
of the entangled polymer. At the polymer concentration in
the solution of c** the translation mechanism of the polymer
diffusion is changed into the reptation one; the scaling concept
states that the blob size x r d should be used as a critical
parameter.40,42 Therefore, determination of the conditions for the
flexible-chain macromolecules to penetrate into the nanoporous
matrices required accounting for both the pore size and the
concentration regime of the external polymer solution.

Thus, there are three regimes:
(1) dilute solution (macromolecules exist as individual isolated

coils (coc*));
(2) semidilute unentangled solution (where the concentration

is large enough to have some chain overlap (c* o c o c**) but not
enough to cause any significant degree of entanglement);

(3) semidilute entangled solution (marks the distinct onset
of significant chain entanglements in solution (c 4 c**)).

The data on intrinsic viscosity [Z], hydrodynamic coil radius
Rh, crossover concentration c*, entanglement concentration
c**, and the blob size x at different concentrations for the
PEO used in this work are given in Table 1.
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The data in Table 1 shows that the state of the PEO solution
depends on the polymer molecular mass and concentration, as
illustrated in Fig. 1.

Overall porosity and the pore diameter of the crazes are the
parameters reflecting the porous structure of solvent-crazed
polymers. When a polymer is deformed in a liquid media via the
crazing mechanism, the material structure formed immediately
in the course of the drawing (the so-called ‘‘native’’ structure)
differs from that developing after the solvent has been
removed.24 Obviously, the parameters of the native structure of
the crazes are those determining the possibility and regularities of
PEO macromolecule penetration into the pores.

3.2 The dimensions of pores and porosity in the solvent-
crazed PET films

The porosity (DV/V0) of the solvent-crazed polymer as a function
of the tensile strain in the cases of water–ethanol mixture
(curve 1) as well as 20% solutions of PEO4K (curve 2) and
PEO40K (curve 3) in the same medium is collected in Fig. 2.
Since the porosity was determined from the size of the films
measured directly in the course of the drawing in the presence
of the liquid media, the determined values corresponded to
the native structure of the crazed polymer. Furthermore,

Fig. 2 shows the theoretical porosity of PET as a function of
the tensile strain (curve 4); that dependence was calculated
assuming that the deformation occurred entirely via the crazing
mechanism and was accompanied by a continuous increase in
the polymer volume.

The results shown in Fig. 2 revealed that two ranges of the
strain could be distinguished as far as the porosity evolution
was concerned. At low tensile strain (r100%), the porosity
of the solvent-crazed PET in the PEO-free as well as PEO-
containing water–ethanol mixtures coincided with the theoretical
estimation. In that case, the drawing occurred via the specimen
elongation but was not accompanied by transversal contraction
(in other words, in contrast to the case of shear deformation, the
specimen width and thickness did not change upon deformation).
At higher tensile strain (4150%) the situation was different: the
solvent-crazed PET films in all the used liquid media exhibited a
noticeable transversal contraction, consequently, the specimen
porosity was lower as compared to the theoretical estimation.
The presence of PEO in the solution had no effect on the
qualitative behavior of the PET porosity as a function of the tensile
strain. However, the porosity was somewhat higher in the presence
of PEO in the AAM. Noteworthily, in the case of PEO4K the porosity
was higher and decreased at higher tensile strain as compared
with the case of PEO40K. Hence, PEO4K was a more efficient
stabilizer of the crazed PET structure.

The porosity profiles 1–3 in Fig. 2 are typical of an amorphous
glassy polymer being deformed in AAMs via the crazing
mechanism; the behavior has been explained by the structural
rearrangements of the fibrillar-porous structure of the crazes at
high tensile strain due to the formation of coagulation contacts
between the individual fibrils (see the scheme in Fig. 3).24,36

In particular, the structure evolution during a polymer
deformation in an AAM can be rationalized as follows. At the
initial stages of the drawing, crazes of a unique fibrillar-porous
structure are nucleated in the polymer. The nucleated crazes
grow in the direction normal to the drawing axis until they or
their ensembles have grown throughout the specimen cross-
section. Upon further drawing, the crazes widen and thicken.
It is this stage of the craze development when the polymer
passes into the oriented (fibrillized) state, and its porosity and
specific surface area continuously increase. However, the finely
dispersed fibrillar-porous structure of the crazes is thermo-
dynamically unstable and tends to reduce the excess surface
energy. As the tensile strain is increased, the intercraze regions

Table 1 Characteristics of PEO in the water–ethanol (1 : 7 v/v) solution

PEO
sample

[Z],
dL g�1

c*,
g/100 mL

c**,
g/100 mL

Rh,
nm

x, nm at
c = 5.5%

x, nm at
c = 20%

x, nm at
c = 30%

PEO4K 0.13 7.79 23.8 1.3 — 0.6 0.45
PEO40K 0.58 1.67 11.0 5.2 2.2 0.8 —

Fig. 1 Schematic concentration-state diagram of PEO solutions. The red
labels show the polymer concentration in (w/v) % used in this work.

Fig. 2 Porosity of solvent-crazed PET in a water–ethanol mixture (1), 20%
solutions of PEO4K in the same mixture (2), and 20% solution of PEO40K in
the same mixture (3) at the drawing rate of 5.4 mm min�1 as a function of
the tensile strain. Curve (4) shows the theoretical estimation of the porosity
(see details in the text).

Fig. 3 Schematic representation of structural rearrangements accomp-
anying polymer drawing in the AAM.
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of the non-deformed polymer that hinder the transversal
contraction of the crazed polymer are consumed. Moreover,
the fibrils connecting the opposite walls of crazes are elongated,
thereby becoming more flexible and facilitating the formation
of coagulation contacts between them. The combination of these
processes reduces the overall porosity of the solvent-crazed
polymer, as documented in Fig. 2.

In summary, the experimentally determined PET porosity
values coincided with the theoretical estimation at the tensile
strain of up to 100%, whereas at higher tensile strain the porosity
was significantly overestimated, thereby indicating rearrangements
in the crazes resulting in the collapse of their structure. Therefore,
it was of interest to study the features of PEO macromolecule
penetration into the nanoporous structure of crazes upon PET
deformation, before and after the structural transformations
relevant to the collapse of the fibrillar-porous structure.

The native structure of solvent-crazed PET in the AAM was
characterized and the pore sizes were determined using the
liquid penetration under the pressure gradient method in the
presence of a liquid medium thus excluding the effect of
the deformed specimen shrinkage. The effective pore diameters
of crazes in the solvent-crazed PET to different tensile strains in
the water–ethanol mixture are given in Table 2.

3.3 Features of penetration of the PEO macromolecules into
the pores upon tensile drawing of the PET films

When a polymer material is deformed via the crazing mecha-
nism, the formed porous structure of the solvent-crazed poly-
mer appears to be loaded with the surrounding liquid medium.
Penetration of the macromolecules into the nanoporous structure
of the PET assisted by the drawing deformation was judged by the
measured PEO content in the crazed material. The profiles of
PEO4K (curve 1) and PEO40K (curve 2) content from the 20%
solutions as a function of the tensile strain are shown in Fig. 4.
Curves 3 and 4 in the same plot represent the theoretical estima-
tions of the amount of PEO4K and PEO40K, respectively, calcu-
lated from the experimental data on the PET porosity assuming
that PEO concentration in the solution filling the pores is equal to
that in the external solution.

Analysis of the data in Fig. 4 revealed the following peculiarities
of PEO penetration into the nanoporous structure of crazed PET.
(1) Over the whole range of tensile strain, PEO could penetrate into
the nanoporous structure of the crazed PET irrespective of the
molecular mass of PEO. (2) Over the whole range of tensile strain,
the PEO content in the solvent-crazed PET being crazed was higher
than the theoretically calculated one. That was in line with the
earlier observations32 for the blends based on PET crazed by 100%
(in the strain range corresponding to the stable structure of crazes)
in solutions of PEO with a molecular mass of 4 � 104–1 � 106.
Taking into account the large specific surface of the fibrillized

polymer (4100 m2 g�1) in the crazes and the high adsorbability of
PEO on both hydrophobic and hydrophilic surfaces, it was
assumed that PEO was adsorbed on the surface of the fibrillized
material. (3) The profiles of PEO content as a function of
the tensile strain were different for PEO4K and PEO40K
(cf. curves 1 and 2 in Fig. 4).

3.4 Peculiarities of PEO penetration into the nanoporous
structure of the solvent-crazed PET samples stretched by a
tensile strain of 100–150%

We begin our analysis of the mechanism of PEO penetration
into the nanoporous structure with a discussion of the PEO
content during the initial stage of PET deformation (stretching
up to 150%). The data in Fig. 4 show that the content of PEO in
the obtained blends increased with the growing molecular
mass of the penetrating macromolecules. The difference can
be fairly substantial (cf. Fig. 4, data corresponding to the strain
of 100%).

What is the reason for such a difference? As can be seen
from Fig. 2, the PET porosity was almost independent of the
PEO molecular mass over the discussed strain range. Therefore,
the observed variation of PEO contents in the blends should
be most reasonably assigned to the different adsorbability
of PEO4K and PEO40K at the highly developed surface of the
fibrillized polymer in the crazes rather than to the material
porosity. The assumption was in accordance with the available
data stating that the adsorption of polymers at smooth surfaces
increases with their molecular mass.43

Another possible explanation of the observed difference in
the content of PEO in the crazed PET as a function of the
penetrating molecule molecular mass could be associated with
different mechanisms of penetration of PEO.

Let us further analyze the data in Fig. 4. From the scheme in
Fig. 1 we could conclude that the 20% solutions of PEO4K and
PEO40K existed in the different concentration regimes. The
PEO40K solution was semidilute entangled, whereas the PEO4K
solution was semidilute unentangled. According to the scaling

Table 2 Effective pore diameter of the crazes appearing in the solvent-
crazed PET in the water–ethanol solution

e, % 100 160 200 300
d, nm 7.8 8.2 6.2 3.8

Fig. 4 The measured (1 and 2) and calculated (3 and 4) content of PEO4K
(1 and 3) and PEO40K (2 and 4) in the solvent-crazed PET at the drawing
rate of 5.4 mm min�1 in the 20% solution of the corresponding polymer as
a function of the tensile strain. Open markers point at the PEO content
during penetration of the pre-formed crazed PET matrix with the 20%
solution of PEO4K (triangles) and PEO40K (squares); the numbers near the
open markers show the penetration duration.
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concept, the blobs of the size determined by the correlation
length x40 should be considered as the kinetic units in the
elementary stages of the flexible-chain polymer transport in the
semidilute entangled solutions (PEO40K), whereas macro-
molecules as a whole acted as such kinetic elements in the case
of unentangled semidilute solutions (PEO4K). Macromolecules
can penetrate into nanoporous materials, provided that a pore
diameter is larger than either x or Rh. From Table 1 it follows that
in the cases of both PEO40K (x = 0.8 nm) and PEO4K (Rh =
1.3 nm) there were no restrictions of PEO penetration in the
pores with the effective diameter of about 7–8 nm (Table 2).

However, the data in Fig. 4 revealed that at the same tensile
strain of PET (up to 150%), PEO4K content in the material was
below that of PEO40K. According to the reference data, the
structure of crazed polymers exhibits the distribution of the
pore size even in the region of the stable crazes. Penetration
in the smaller pores of the material could be restricted for
PEO4K rather than for PEO40K. In addition to the variation in
the adsorption strength, the pore distribution could be a factor
determining the different content of PEO4K and PEO40K in the
material prepared via deformation of PET in the PEO solution
of the same concentration.

The reason for the observed difference could be elucidated
taking into account the results of additional experiments
attempting to change the diffusion mechanism of 20% PEO4K
solution from the translation to the reptation. To do so, the PET
specimens were deformed to the strain of 100% in the PEO-free
water–ethanol mixture and then transferred to the 20% PEO4K
solution in order to induce the concentration gradient-induced
diffusion of PEO into the nanoporous structure of crazes.
According to the data in Fig. 2, the porosity of such native
specimens of PET was equal to that of the specimen deformed
in the PEO4K solution and to the theoretically estimated one.
However, direct penetration of PEO4K in the course of PET
crazing occurred via the translation mechanism, whereas it was
changed to the reptation one (typical of the diffusion process)
in the case of the preliminary crazing. A blob acts as a kinetic
element in the diffusion process instead of the macromolecule,40

the blob being much smaller than the macromolecule hydro-
dynamic coil (Table 1). The dashed line in Fig. 4 marks the kinetic
data on penetration of the pre-crazed PET specimens with PEO4K
and PEO40K 20% solutions. The amount of PEO40K incorporated
into the pre-crazed porous PET matrix via diffusion was equal to
the corresponding content measured during the direct drawing of
PET in the polymer solution. In other words, the amount of
PEO40K penetrating into the PET matrix was independent of the
method used, since in both cases the penetration occurred via the
reptation mechanism. It was to be seen that the penetration of
PEO via diffusion was slower than the direct penetration via
crazing. In the case of PEO4K diffusion in the pre-crazed matrix,
the content of the incorporated polymer was higher than that in
the case of the penetration accompanying the crazing, and was
almost equal to the content of PEO40K in the similar experiment.

Hence, additional experiments led to the conclusion that the
observed difference in the penetration of PEO into the PET
matrix being deformed to the strain of 100% in the solutions of

PEO4K and PEO40K of the same concentration was mainly due
to the change of the penetration mechanism and the presence
of certain pore size distribution in the sample.

3.5 Peculiarities of PEO penetration into the nanoporous
structure of the solvent-crazed PET samples stretched by a
tensile strain of above 150%

Let us now consider the data on PEO4K and PEO40K penetration
in the PET matrix being deformed to larger tensile strains (above
150%). The most important feature to be noticed is the different
behavior observed during the deformation of PET in the solutions
of PEO of the same concentration (20%) but differing in the
molecular mass. In the case of PEO40K, the PEO content passed
through a maximum as the strain was increased, whereas in the
case of PEO4K the amount of the polymer penetrated into the
matrix was increasing over the whole range of the considered
strains (Fig. 4). Let us discuss the factors affecting the content of
PEO40K in the PET deformed to high tensile strains.

Noteworthily, the content of PEO40K in the PET varied
with the tensile strain coinciding with the respective plot of
the native porosity of the crazed polymer (cf. Fig. 2 and 4).
Obviously, that the decrease of the porosity and the PEO
content observed when PET was drawn in the PEO solutions
to high tensile strain reflected the structural rearrangements in
the fibrillar-porous structure of the crazed polymer.

As has been noted above, the highly disperse fibrillar-porous
structure of the crazes is thermodynamically unstable and
tends to reduce the excess surface energy. As the tensile strain
was increased, the fibrils connecting the opposite walls of
crazes grew longer, thereby making the fibrils more flexible,
facilitating the formation of coagulation contacts between
them, and leading to the collapse of their fibrillar-porous
structure. Consequently, the porosity of the deformed polymer
inside the crazes was decreased (Fig. 2). Collapse (as well as
syneresis) is accompanied by the partial escape of the liquid
phase.24,36 Since the liquid phase was a polymer solution, the
collapse was accompanied by the release of PEO solution into
the external medium. In other words, the PEO mass transfer
was reversed, and penetration of PEO at the initial stage of
deformation (pore development) turned into the release at
the later stage (the porous structure collapse). However, the
polymer still contained a fairly large fraction of the initial
non-deformed polymer fragments at the onset of the porous
structure collapse (Fig. 3, stage IV), localized between the crazes
and being in contact with the AAM under the conditions of
mechanical load. Those fragments were further crazed; as a
result, additional portions of PEO penetrated into the crazed
PET. Therefore, the total content of PEO in the polymer
deformed to larger tensile strains (Fig. 4) is determined by
the two opposite processes: release of the PEO solution due to
the structural rearrangements in the crazes and its penetration
into the matrix owing to the ongoing crazing of the non-
deformed parts of the polymer.

As has been mentioned above, the content of PEO40K in the
crazed polymer exceeded that calculated under the assumption
of the pores filled with the external solution over the whole
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studied range of PET deformation (Fig. 4). It could be therefore
suggested that the diphilic PEO was adsorbed at the well
developed surface of the fibrillized polymer in the crazes.
Based on the available reference data,44–48 the structure of
the adsorbed PEO was expected to depend on its molecular
mass and concentration in the solution. Evidently, the lower
concentration and the smaller molecular mass should facilitate
the planar conformation of the macromolecules adsorbed at
the fibril surface and improve the contact between the flexible-
chain macromolecule and the matrix; vice versa, at high
concentration and high molecular mass the flexible-chain
polymer should suppress its contact with the matrix surface
due to the less planar conformation.49,50 Hence, the PEO4K
macromolecules should be more strongly bound to the fibril
surface as compared to the PEO40K ones due to the different
conformation, and pushing out of PEO4K macromolecules
from the craze structure upon its collapse should be suppressed.

As has been stated above, the content of PEO4K and PEO40K
from the solutions of the same concentration was different at
high tensile strain of the deformed PET (4150%). Porosity of
the PET deformed in the solutions of PEO4K was higher and
tended to increase up to the higher strain value (Fig. 2). That
could show the stronger stabilization of the crazes against
collapse at high tensile strength assisted by PEO4K.

Let us now consider the porosity and PEO content data at
high deformations in the presence of PEO4K in the external
solution. The measured porosity deviated from the theoretically
calculated values at a strain of above 150%; however, it further
grew to reach a maximum at the strain of 250% and decreased
at the strain of 300% (Fig. 2). The described trend evidenced
about the collapse process occurring in the course of PET
deformation in the PEO4K solutions. At the same time, the
PEO4K content in the PET was continuously increasing with the
tensile strain up to 300% deformation (Fig. 4). Even though
the increasing PEO4K content in the mid-range of the tensile
strain could be explained by the simultaneous opposite processes
of partial pushing out of the PEO4K solution (due to the collapse)
and additional PEO penetration in the matrix pores (ongoing
crazing in the pristine parts of the PET). However, such
explanation was invalid for the data at around a strain of
300%, since simultaneous decrease of the porosity and increase
of PEO4K content were observed. The only reasonable explana-
tion of such unexpected behavior was pushing the pure solvent
(AAM) out of the collapsing matrix, whereas PEO4K remained
trapped in the collapsed matrix structure. The hypothesis was
plausible, since the collapse induced the decrease of the effective
pore diameter (Table 2), and at the strain of 300% the pore size
turned comparable to the hydrodynamic radius of PEO4K.

What factor gave the major contribution to the difference in
the behavior of PET in the course of its crazing in the PEO40K
and PEO4K solutions? That could be deduced from data in
Fig. 5A showing the PEO content by the PET matrix being
deformed in the solutions at different concentrations of the
same molecular mass polymer (PEO40K). Curve 2 in that figure
corresponds to the 20% solution and has been discussed above
in detail; curve 1 shows similar data for the 5.5% PEO40K

solution. Those concentrations corresponded to the different
solution regimes: the 20% solution of PEO40K was semidilute
entangled, and the 5.5% one was semidilute unentangled.
Therefore, the penetration of PEO40K in the crazes aided by
the negative hydrodynamic pressure occurred via the reptation
and the translation mechanisms, respectively. In turn, that led
to the different profiles of the PEO content under the studied
conditions. In the case of the 20% PEO40K solution the shape
of the corresponding curve was ‘‘classical’’: the PEO content
initially grew up with the tensile strain to reach the maximum
and further decreased at the larger strains corresponding to the
collapse stage. In the case of the 5.5% solution of PEO40K, its
content grew linearly with the deformation over the whole
studied strain range.

Hence, we concluded that the different behavior of the 20%
solutions of PEO40K and PEO4K was due to the different
mechanism of PEO penetration into the PET structure.

Finally, Fig. 5B displays similar data for the PEO4K dilute
(1), semidilute unentangled (2) and entangled (3) solutions.

The first two curves exhibited the continuous increase of
PEO content, typical of the solutions with the translation
mechanism of the flow and penetration in the pores. The
30% solution of PEO4K showed an unexpected trend over the
large strain range, since no maximum was observed under
the conditions corresponding to the structure collapse (however,
the PEO content with deformation was somewhat lower at the
strains of above 200%, evidencing the possible squeezing out of
the polymer). Nevertheless, the amount of PEO pushed out due
to the collapse was less than that penetrated inside the matrix
due to the ongoing crazing of the pristine parts of PET. Such
behavior of the 30% PEO4K solution (the kinetic element

Fig. 5 PEO40K (A) and PEO4K (B) content in the PET matrix deformed in
the 5.5 (1), 20 (2) and 30% (3) solutions at a rate of 5.4 mm min�1 as a
function of the tensile strain.
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corresponding to the reptation mechanism of the flow was
sufficiently small and could not prevent the polymer pushing
out, cf. Tables 1 and 2) has not been unambiguously explained
at this moment. A possible explanation could be related to the
above-mentioned strong stabilizing action of PEO4K against
the collapse processes. The observed effect requires further
investigation.

4. Conclusions

The study of PET crazing in the PEO solutions (differing in the
concentration and the molecular mass of the flexible-chain
polymer) revealed that PEO could penetrate into the nano-
porous PET structure over the whole range of tensile strains
used. The two ranges of tensile strain could be distinguished:
that of small (o150%) and large (4150%) deformations,
corresponding to the different profiles of PEO content in the
PET matrix. At the lower strains, the PEO content was contin-
uously increased with the deformation, accompanied by the
porosity increase. At the larger strains the crazing of pristine
non-deformed parts of the polymer matrix occurred simulta-
neously with the collapse of the fibrillar-porous structure of the
crazes. Therefore, at high strain PEO could simultaneously
penetrate into the freshly formed porous regions and be
pushed out of the collapsing parts of the structure (syneresis).
Since the collapse was accompanied by both the decrease of the
overall porosity and the pore diameter, the PEO content as a
function of the strain could exhibit a complex shape. In
particular, the PEO content in the deformed PET matrix was
affected by both the PEO molecular mass and concentration in
the solution, being related to the flow mechanism (reptation or
translation).
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