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Summary

A procedure has been developed for the direct atomic force mi-
croscopic (AFM) examination of the native structure of high-
density polyethylene (HDPE) deformed in an adsorption-active
liquid medium (AALM) by the crazing mechanism. The AFM
investigation has been carried out in the presence of a liq-
uid medium under conditions preventing deformed films from
shrinkage. Deformation of HDPE in AALM has been shown
to proceed through the delocalized crazing mechanism and
result in the development of a fibrillar-porous structure. The
structural parameters of the crazed polymer have been deter-
mined. The obtained AFM images demonstrate a nanosized
nonuniformity of the deformation and enable one to observe
the structural rearrangements that take place in the deformed
polymer after removal of the liquid medium and stress relax-
ation. A structural similarity has been revealed between HDPE
deformed in the AALM and hard elastic polymers.

Introduction

Crazing is one of the types of plastic inelastic deformation of
polymers. This type of deformation is distinguished by the de-
velopment of a fibrillar-porous structure formed by oriented
polymer fibrils with a diameter of 5–20 nm separated by mi-
crovoids of nearly the same sizes (Kambour, 1973; Kausch
& Argon, 1990). Stretching of polymers in physically active
liquid media (hydrocarbons, oils, alcohols, surfactants, etc.)
is known to promote the development of deformation by the
crazing mechanism and to accelerate their breakage (Altstädt,
2005; Robeson, 2013).

Since polymer breakage is preceded by nucleation of crazes
and cracks, the service properties of polymers are estimated
based on the monitoring of their appearance upon the com-
plex action of an ambient liquid and stress. In the literature,
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this phenomenon is referred to as environmental stress crack-
ing/crazing, and the studies in this field are focused on the
suppression or deceleration of the development of crazes and
cracks with the aim to enhance the resistance of polymers
to environmental effects (Cornélis & Kander, 1996; Lagaron
et al., 1999; Plummer et al., 2001; De Focatiis & Buckley,
2008).

At the same time, the development of crazes upon polymer
deformation in an adsorption-active liquid medium (AALM)
may appear to be a positive factor, because the deformation is
accompanied by the development of a finely disperse fibrillar-
porous structure on the nanosized level (Kambour, 1973;
Kramer, 1979; Volynskii & Bakeev, 1995). In Volynskii &
Bakeev (1995), Volynskii et al. (2000) and Arzhakova et al.
(2011) conditions were found under which the deformation
of amorphous glassy and crystalline polymers in liquid media
occurs through the crazing mechanism and gives rise to the
formation of nanoporous materials with a porosity as high
as 40–60%. It is of particular interest that polymer defor-
mation in solutions of various low- or high-molecular-mass
compounds is accompanied by their penetration into the
nanoporous structure of crazes to result in the formation
of nanocomposites and highly dispersed polymer–polymer
blends (Trofimchuk & Yablokova, 2001; Trofimchuk et al.,
2005a, b, 2007; Rukhlya et al., 2011; Gruzd et al., 2013).

Thus, the investigation of polymer crazing in liquid media
is an urgent problem from the viewpoints of both the deter-
mination of the influence of liquid media on the mechanism
of polymer deformation and the creation of highly disperse
fibrillar-porous structures in films and fibres, as well as the
production of nanocomposites and polymer–polymer blends
on their basis.

The use of AALMs enlarges the assortment of polymers de-
formed by the crazing mechanism. This phenomenon has
most comprehensively been studied for the deformation of
amorphous glassy polymers. Stretching of glassy polymers
causes crazing that is commonly referred to as the classi-
cal crazing. This process has been described in detail else-
where (Volynskii & Bakeev, 1995). Here we only note that the
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Fig. 1. Scanning electron micrographs taken from cleavages of (A)
poly(ethylene terephthalate) deformed by 100% in a AALM (Volynskii
& Bakeev, 1995) and (B) HDPE stretched by 200% in the same medium
(at these strains, equal volume porosities developed in the polymers; in
both cases, the medium was removed under isometric conditions, and the
micrographs were taken after the shrinkage of the samples).

structure of crazes that develop in AALMs is very labile and
unstable; therefore, the removal of an AALM from crazes is
accompanied by profound structural rearrangements. In this
context, the so-called native structure that is formed immedi-
ately after the deformation, when the polymer still contains
the AALM as a stabilizer, and the structure that results from
the drying and shrinkage of the deformed polymer are distin-
guished between. The native structure of crazes cannot be in-
vestigated with an electron microscope, because this method
implies evacuation of an object under examination. There-
fore, the structure of native crazes was so far studied using
small-angle X-ray scattering (SAXS) (Yefimov et al., 1990)
and liquid permeability under pressure gradients (Yarysheva
et al., 1989). However, the interpretation of experimental data
obtained by these methods requires the use of model concepts,
thus leading to ambiguous results.

Note that the classical crazing of polymers in liquid media
is not the only type of deformation that is accompanied by
the development of porosity. Depending on a polymer struc-
ture, nature of a medium and stretching conditions, crystalline
polymers can be deformed by two mechanisms, i.e. the classi-
cal mechanism that is similar to the crazing of glassy polymers
and the delocalized mechanism that is inherent in crystalline
polymers alone (Volynskii & Bakeev, 1995; Sinevich et al.,
1998; Volynskii et al., 2000). The main difference between
the two kinds of crazing consists in the sizes of the local zones
of deformation.

Figure 1 illustrates scanning electron microscopic (SEM) im-
ages that characterize the structure of polymers deformed in
an AALM by the crazing mechanism and dried under isometric
conditions (Volynskii & Bakeev, 1995). In the case of the clas-
sical crazing, the method of electron microscopy enables one
to observe individual crazes and the regions of an undeformed
polymer between them (Fig. 1A). The width of crazes may be
as large as several dozen micrometres, while their length may

be still larger, i.e. several millimetres and above. The internal
structure of the crazes is composed of fibrils, which connect
opposite walls of crazes, and voids between the fibrils.

When deforming crystalline polymers in AALMs, individual
crazes fail to be observed by these methods (Fig. 1B), although
the porosity develops simultaneously and uniformly through-
out the bulk of a polymer being deformed. Despite the fact that
crazing of this kind has been comprehensively investigated,
direct data on the morphology of the resulting porosity are
unavailable. This is primarily due to the fact that AALM re-
moval from the pores and stress relaxation are accompanied
by shrinkage or collapse (healing) of the porous structure.
When a polymer is deformed by the classical crazing mech-
anism, the presence of large zones of a bulk material greatly
hinders the shrinkage upon the stress relaxation, and this cir-
cumstance makes it possible to observe the structure of crazes
in contrast to a polymer that has been deformed through the
delocalized crazing mechanism. Thus, in order to characterize
the structure of a crystalline polymer deformed in an AALM by
the crazing mechanism, samples should be examined under
load and in the presence of a liquid that cannot be done by the
traditional methods of transmission or SEM.

A great advance has been achieved in the study of the struc-
ture and properties of various materials on the submicron level
after the methods of scanning probe microscopy and, in par-
ticular, atomic force microscopy (AFM) were developed and
began to be applied (Magonov & Yerina, 2005). The contin-
uous improvement of different modes of AFM and procedures
of sample preparation widens the scope of application of this
method in different fields of research, such as colloid and sur-
face science, materials engineering and biology (Magonov &
Reneker, 1997; Cappella & Dietler, 1999; Hodges, 2002; Butt
et al., 2005). Although AFM can access only the surface struc-
ture and not the bulk structure, the advantage of AFM is the
ability to study polymer crystallization, melting and deforma-
tion in situ.

This work is devoted to the study of the structural trans-
formations that take place in crystalline polymers being de-
formed. In most cases, the literature data on the evolution
of the structure of crystalline polymers being stretched in air
deal with the investigation of thin films by transmission elec-
tron microscopy (TEM) or the study of block samples by SEM
carried out ex situ and do not separate the relaxation process
and deformation (Petermann et al., 1982; Yang & Thomas,
1984; Adams et al., 1986; Butler & Donald, 1997). In con-
trast to electron microscopy, AFM allows one to perform high-
resolution monitoring of objects immediately in the process of
their stretching.

Hild et al. (1996) were the first to use AFM for in situ
visualizing the structure of a crystalline polymer stretched
with a homebuilt stretching device. Hard elastic polypropy-
lene, which is distinguished by a highly ordered structure
of lamellae-oriented normal to the extrusion axis, was se-
lected for the study. The sizes of the crystalline rows and the
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noncrystalline interlayers of unstretched and stretched poly-
mers were determined and the data obtained were analysed in
accordance with the available models of hard elastic polymers
and mechanisms of porous structure formation in them. Fur-
ther, different types of stretching devices were developed and
their suitability for the investigation of deformation-induced
surface changes in crystalline polymers was demonstrated
(Hild et al., 1998; Bamberg et al., 2006).

The analysis of the deformation mechanism of crystalline
polymers by in situ AFM consists not only in taking micro-
graphs, but also in studying film roughening as a result of
stretching. As has been shown in (Opdahl & Somorjai, 2001),
the deformation of low- (LDPE) and high-density polyethy-
lene (HDPE) increases the polymer roughness. The surface-
roughening effect is completely reversible upon stretching in
the elastic regime and partially reversible for stretching in the
plastic regime.

The data obtained on the evolution of the structure of nylon-
6-rubber blends with the help of AFM and a mini stretching
device during the stretching and relaxation processes have
been reported in Oderkerk et al. (2002). During stretching, the
plastic deformation is initiated in the zones where the nylon
matrix between the rubber particles is thinnest. When the
external force is eliminated, dispersed rubber phase pulls back
the plastically deformed nylon moieties by either buckling or
bending.

The structures of HDPE and linear low-density polyethylene
(LLDPE) films have been investigated during both deformation
and relaxation processes (Li et al., 2003). After the stress re-
laxation, substantial structural changes have been observed
for samples occurring in the free state.

In Thomas et al. (2007, 2009) in situ AFM was employed
to gain a deeper insight into the nucleation, development and
coalescence of crazes in poly(1-butene) being stretched, and
the advantage of this method over TEM for thin films was
demonstrated. Crazes were primarily nucleated in the equa-
torial region of spherulites. The authors assumed that crazes
were formed by the instable meniscus mechanism similarly
to that observed for the crazing of glassy polymers. These
data were obtained for poly(1-butene) with spherulite sizes of
20–100 μm, whereas, upon the deformation of spherulites
with sizes of 20 and 5μm, the shape of the deformed spherulites
remained actually elliptical up to the rupture without clues of
fibrillar transformation.

The evolution of the spherulitic structure in the preyield
strain range under tensile testing was investigated by in situ
AFM for three semicrystalline polymers, namely, polycapro-
lactone, poly(1-butene) and polyamide 6 (Detrez et al., 2010,
2011). These materials have different spherulite sizes, crys-
tallinity indices, lamella thicknesses and glass transition tem-
peratures of the amorphous phase. AFM revealed that frag-
mentation of the crystalline lamellae occurred well before the
yield strain, beginning in the vicinity of the core region of
the spherulites and extending towards the periphery, for all

polymers. This was claimed to be an evidence that lamella
fragmentation was a basic mechanism of breakage without
significant cavitation of these polymers at low strains.

Thus, the aforementioned examples demonstrate that in situ
AFM makes it possible to study in detail the evolution of the
structure of crystalline polymers being stretched in air and
judge the mechanism of their deformation.

The study of the native structure and the deformation mech-
anism of crystalline polymers upon stretching in liquid media
is a more complex problem, and, up to the present, direct meth-
ods for such researches were unavailable, because they must
be carried out for loaded samples in the presence of a liquid.
At the same time, AFM is known to be an instrument for per-
forming structural investigations with a high resolution not
only in air, but also in liquid media (Magonov & Yerina, 2005;
Yarysheva et al., 2011). Therefore, in this work we intend
to employ AFM for studying the native structure of polymers
deformed in liquid media by the crazing mechanism. By the
example of HDPE deformed in an AALM, it will be shown that
AFM enables one to visualize the fibrillar-porous structures of
crazed polymers and estimate the parameters thereof.

Experimental

Materials

The objects for the study were HDPE (Mw = 210 000 and
Mn = 7000 g mol–1) films 25 μm thick (Stamylan, DSM)
produced by blown extrusion. Films with sizes of 40 × 20 mm
were stretched in a water–ethanol solution (1:7, vol/vol) at
room temperature and a rate of 5.4 mm min–1 in the direction
coinciding with the extrusion axis.

Differential scanning calorimetry (DSC) experiments

The experiments were performed using a TA 4000 thermo-
analyzer (Metter). The mass of an examined sample was
1.5 mg. Ideal crystal melting heat, which was used to cal-
culate the degree of crystallinity, was 293 J g–1. The heating
rate was 10 K min–1. Lamella thickness was calculated by the
following formula:

L c = L saxs(d/dc ) × Kc , (1)

where Lsaxs is the long period determined by SAXS (25 nm),
d and dc are the densities of the polymer and its crystalline
phase (0.960 and 1.003), respectively and Kc is the degree of
crystallinity (59%) determined from the DSC data.

X-ray diffraction analysis

SAXS measurements were carried out with a Nanostar instru-
ment (Bruker AXS) equipped with a CuKα generator of X-rays
(λ = 0.154 nm).
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Porosity

Porosity (W) of the deformed polymer was calculated from
changes in the geometric sizes of the films as the ratio of volume
increment (�V) resulting from film stretching to initial sample
volume (V0), W = (�V/V0) × 100 (%).

Film shrinkage

Film shrinkage was determined as λ = (Ldef – Lshr)/(Ldef – L0),
where L0 is the initial sample length, Ldef is the length of a
sample after deformation and Lshr is the sample length after
shrinkage.

SEM

Structure of the poly(ethylene terephthalate) and the HDPE
samples was studied by a scanning electron microscope
(Hitachi S-520, Japan). Prior to the SEM observations, the
samples were fractured in the liquid nitrogen along to the
direction of tensile drawing. The fractured surfaces were dec-
orated with gold on an Eiko IB-3 unit by the method of ionic
plasma sputtering.

AFM experiments

All AFM experiments were carried out using a Solver Pro-
M atomic force microscope (NT-MDT, Zelenograd, Russia) in
the �scanning by probe� configuration. A Smena scanning
head equipped with closed-loop feedback sensors was applied
(scanner range of 100 × 100 × 7 μm).

The scanning was carried out in the contact and tapping
modes in air and liquid. When scanning in air, an NSG10
(NT-MDT) and an MSCT-AUHW (Bruker, former Veeco, Santa
Barbara, CA, USA) cantilevers were applied in the tapping and
contact modes, respectively. The scanning in the liquid was
performed using MSCT-AUHW cantilevers (Bruker) in both
contact and tapping modes. Neither in air nor in liquid, an
essential difference was observed between the height images
obtained in the contact and tapping modes. However, when
scanning in air, we preferred the tapping mode to record the
phase contrast images simultaneously with the height images,
which is less inefficient in a liquid because of a rather low
cantilever quality factor.

The AFM images were processed using the Femtoscan online
software package (Advanced Technologies Center, Russia).
Each scan was processed using�Fit Lines�and�Plane Fit�
functions to avoid the shift of rows and the general slope, re-
spectively. When necessary, the noise was reduced by median
filtering or averaging. In some cases, the macroscopic height
variations were removed using the spline filtering. When plot-
ting and analysing the sections, each section profile was con-
structed by averaging the profiles over three adjacent section
lines.

Procedure for investigating the structure of HDPE deformed in the
medium

The AFM monitoring of variations in the structure of polymers
being stretched is commonly performed using a microscope,
which implements scanning by a cantilever that has actu-
ally no limitations on sample sizes and masses and can be
mounted on a tensile-testing machine. Using this combined
system that comprises an AFM and a stretching unit, the ex-
periment is commonly performed as follows: a film is stretched
under a stepwise increasing load, and an image of a selected
surface region is obtained at each tensile strain. The stretch-
ing is commonly controlled with an optical system to retain
the cantilever over the same sample region throughout the
experiment. Such combined systems were employed to study,
e.g. the stretching of polypropylene films (Kraev et al., 2007)
and crazing of poly(1-butene) by stretching in air (Thomas
et al., 2009).

The application of these systems for studying polymers being
deformed in liquid media is extremely complicated, because,
for this purpose, it is necessary to place the mobile clamps of a
tensile-testing machine into a vessel and to bring a cantilever
to contact with a sample in a liquid. In this work, the native
structure of HDPE was studied in the following way. Initially,
a sample was stretched to some tensile strain with a stretching
unit operating in the liquid medium. Then, without removing
the sample from the liquid medium and the clamps of the
stretching unit, it was fastened to a circular frame to fix its sizes
throughout the perimeter and prevent it from shrinkage. The
frame with the sample was placed into a Petri dish filled with
the medium (water–ethanol solution) in which the stretching
had been implemented. A support was mounted under the
centre of the film to reduce vibration. The preparation of a
sample for the AFM examination is schematically represented
in Figure 2. This system enabled us to carry out the AFM
examination of the deformed film surface in the presence of
the liquid under the conditions that prevented the samples
from shrinkage; that is, to study, namely, the native structure
thereof.

Results and discussion

Structure of initial HDPE films

The deformation mechanism of crystalline polymers strongly
depends on the structure of an initial polymer (Volynskii et al.,
2000). According to the DSC data, the degree of crystallinity
of the HDPE films under investigation was 59%. The films had
been produced by blown extrusion; that is, under the con-
ditions of stressed polymer crystallization. In the literature,
the structures formed under these conditions are referred to
as row-nucleated crystalline structures or the Keller–Machin
structures (Keller & Machin, 1967). In the course of blown
extrusion, polymers crystallize under the effect of stresses
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Fig. 2. Scheme of sample preparation: (A) initial sample fixed in the
clamps, (B) sample stretching in the AALM (stretching direction is de-
noted by the arrow), (C) deformed sample fastening to the circular frame
and (D) AFM examination.

directed along and normal to the extrusion axis; therefore,
lamellae may have different orientations in resulting polymers
depending on the moulding conditions (Kojima et al., 1997; Lu
et al., 2001; Prasad et al., 2001; Godshall et al., 2003; Zhang
et al., 2004; Ajji et al., 2005).

Figure 3 shows the AFM height (A, B) images of the initial
(nondeformed) HDPE obtained in liquid medium. The lamel-

lae are assembled into columns oriented along the stretching
axis. These formations are typical for polymers with a row
structure and were previously observed for HDPE films pro-
duced by blown extrusion (Zhang et al., 2004). The image can
be improved by spline filtering (Fig. 3B), which eliminates the
large height variations corresponding to columns. Figure 3(D)
demonstrates the height profile along the line parallel to the
extrusion axis. The asperities in the height image correspond
to lamellae, although the distance between the two adjacent
maxima is the long period in the polymer structure. According
to the distribution histogram (Fig. 3C), the long period covers
the range 10–50 nm, and its mean value is 27 ± 8 nm. If
the film is examined in air, AFM provides a 35 ± 7 nm long
period value (images not shown). This difference may be ex-
plained by the influence of the capillary force, which increases
the tip-sample interaction. Similar effects were observed in
Wawkuschewski et al. (1993). It should be noted that the im-
age of initial HDPE in the liquid medium is more detailed and
qualitative.

X-ray diffraction analysis is known to be a common method
for studying the structure of crystalline polymers. The SAXS
pattern of HDPE is presented in Figure 4. Intense drop-shaped
reflections are seen at the meridian and less intense ones are
observed at the equator, thus indicating an anisotropic dis-
tribution of the scattered intensity relative to the texture axis.
This SAXS patterns, which is inherent in extruded HDPE films,
indicates the presence of a lamellar structure, with lamellae
being mostly oriented perpendicularly to the extrusion axis

Fig. 3. AFM images of initial HDPE film structure: (A) height image, (B) height image after spline filtering, (C) histogram of long-period distribution, (D)
relief sections along lines in the direction of the extrusion axis. The direction of extrusion in the course of film production is denoted in panel (A) by the
arrow.
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Fig. 4. SAXS pattern of initial HDPE.

(Godshall et al., 2003). For reflections located at the meridian
2θ = 0.35, the long period appeared to be 25 nm, which is in
good agreement with the value obtained by AFM. AFM pro-
vides information only about the surface structure, whereas
SAXS examines the bulk sample. The good agreement of the
obtained values confirms the data correctness.

Thus, initial HDPE films have a lamellar structure, with
lamellae being predominantly oriented perpendicularly to the
extrusion axis. Subsequent HDPE stretching was carried out
along the extrusion axis of the initial films.

AFM study of the structure of HDPE deformed by the crazing
mechanism

As was shown in Yefimov et al. (1988), Arzhakova et al. (2011)
and Yarysheva et al. (2012), deformation of HDPE in AALMs,
such as aliphatic alcohols or hydrocarbons, proceeds through
the crazing mechanism and is accompanied by the develop-
ment of porosity. In this work, HDPE was stretched in a water–
ethanol solution. The porosity determined from a change in
the volume of a sample stretched in the medium by 200% was
about 60%.

The AFM height image of HDPE stretched by 200% in
the water–ethanol solution and the same image subjected to
the spline filtering for levelling the relief are depicted in Fig-
ures 5(A) and (B), respectively. Similarly to the case of initial
HDPE, these images show columns directed along the extru-
sion axis and composed of lamellae oriented perpendicularly to
the extrusion axis. At the same time, the images demonstrate
notable changes in the structure of the stretched polymer, as
compared with that of the initial film (Fig. 3). It can be seen that
the stretching gives rise to the formation of crazes, i.e. particu-
lar zones of deformed polymer, which have a fibrillar- porous
structure. Fibrils are oriented along the stretching axis. Lamel-
lae form the craze walls between which fibrils are located.

The values corresponding to long period L, i.e. the sums of
the lamella thickness and the fibril length, were determined
from the section profiles oriented along the stretching axis
(line 1 in Fig. 5B). As can be seen from the histogram (Fig. 5E),
these values vary in a wide range of 25–300 nm. Lamella thick-
ness determined from the same section profiles appeared to be

15–20 nm, which is in good agreement with the value (14 nm)
calculated from the SAXS and DSC data by Eq. (1) presented
in the ‘Experimental’ section.

Distances l between adjacent maxima, which correspond to
the sums of fibril and pore diameters, were determined from
the section profiles along the line perpendicular to the axis of
HDPE stretching (line 2 in Fig. 5B). Unfortunately, this image
does not enable us to reliably determine the diameters of fibrils
and pores between them separately, because their values are
comparable with the cantilever curvature radius (∼10 nm).
However, distance l between the tops of fibrils, which is de-
termined as the distance between the maxima in the section
profiles, is independent of the cantilever curvature radius. This
value lies in the range of 15–35 nm and is comparable with
the data obtained by the X-ray diffraction analysis and the
method of liquid permeability under pressure gradient for fib-
ril diameters and effective pore diameters in crazed polymers
(Yefimov et al., 1988; Arzhakova et al., 2011).

Figure 5 presents images that are most typical for HDPE de-
formed in the liquid medium by the crazing mechanism. How-
ever, micrographs that demonstrate regions of nonuniform
deformation containing both individual lamellae (Fig. 6A,
region 1) and stacks thereof (Fig. 6A, region 2) were taken
from the same sample. Moreover, there are regions in which
the fibrillar- porous structure of crazes cannot be resolved
(Fig. 6B). Possibly, this kind of deformation took place in the
microregions of the polymer where the stacks of lamellae are
bonded by large amounts of through chains or located at some
angle or parallel to the stretching axis rather than perpendic-
ularly to it.

Thus, the AFM data on the structure suggest that the HDPE
films are deformed in the water–ethanol solution by the crazing
mechanism with the formation of a fibrillar-porous structure.

AFM study of the structure of HDPE deformed by the crazing
mechanism and subjected to medium removal and stress relaxation

As was mentioned above, the structure of polymers deformed
by the crazing mechanism is thermodynamically unstable.
The removal of the medium or the stress relaxation cause
substantial changes in the structure of a deformed polymer.

Figure 7 shows the AFM image of (A) the native structure of
HDPE deformed in water–ethanol solution and (B) the struc-
ture of the same sample after the removal of the medium (in
both cases, the sample is fastened to the circular frame). It can
be seen that, although the general pattern of the structure
remains preserved (lamellae with fibrils located between them
are seen in both of the figures), the removal of the medium
leads to marked changes in the structural parameters. The
parameter that represents the sum of diameters of fibrils and
pores (as measured along lines perpendicular to the stretching
axis) increases from 15–35 nm in the medium to 30–80 nm for
the dry sample. The increase of tip-sample interaction force,
that takes place when we change the scanning conditions from
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Fig. 5. HDPE stretched in water–ethanol solution by 200%. Panel (A): AFM height image; the arrow indicates the stretching direction, which coincides
with the extrusion axis; panel (B): AFM height image after spline filtering; panels (C) and (D): relief sections along lines 1 and 2 in panel (B) parallel and
perpendicular to the stretching axis, respectively; and panel (E): histogram of long-period distribution.

liquid to air, may also account for the observed increase of the
l parameter.

More substantial structural changes are observed for sam-
ples without frames, i.e. samples occurring in the free state
and subjected to a notable shrinkage (Fig. 7C). For the studied

samples stretched by 200%, the shrinkage amounted to about
50%. The fibrillar-porous structure was not observed for such
samples. To some extent, this image resembles the structure of
initial HDPE (Fig. 3A), but without the previous distinct order
in the arrangement of the structural elements. Much attention

Fig. 6. AFM images illustrating the nonuniform structure of HDPE (25 μm) stretched by 200% in water–ethanol solution.
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Fig. 7. AFM images of the structure of (A) HDPE deformed by 200% in water–ethanol solution, (B) after the removal of the medium from the sample
fastened to the circular frame and (C) after the shrinkage of the deformed sample in the free state in air. The Z-range is 120 nm in (A) and 90 nm in (B)
and (C), image contrast was adjusted for clarity. The arrows indicate the stretching direction.

has been paid to the mechanism of the reversible deformation
of crazed polymers in the literature (Volynskii & Bakeev, 1995,
2009; Volynskii et al., 2013). In particular, researchers are in-
terested in the question of the extent to which the shrinkage
is associated with changes in the entropy and surface en-
ergy of a polymer in crazes. Here, we would only like to note
the extent to which the native structure of HDPE deformed
in the medium may differ from the structure of the polymer
after the removal of the medium and the stress relaxation.

Conclusions

The AFM method has been used to study the structure of HDPE
films produced by blown extrusion. This structure may be
considered to be a row-nucleated structure, in which lamellae
are mostly oriented normal to the extrusion axis and assembled
into columns directed along the extrusion axis.

A procedure has been developed for direct examination
of the native structure of a polymer deformed in a liquid
medium, which offers ample opportunities for studying poly-
mer crazing. The HDPE deformation in water–ethanol so-
lution has been found to proceed through the delocalized
crazing mechanism and be accompanied by the formation
of a fibrillar-porous structure. The obtained AFM images in-
dicate a nanosized nonuniformity of deformation and make it
possible to estimate changes that take place in a deformed
material after the removal of the medium and the stress
relaxation.

The data on the native structure of HDPE deformed in
AALM have evidently demonstrated the similar and differ-
ent features of the structures of polymers deformed by the
classical (localized) and delocalized crazing mechanisms. The
similarity consists in the fact that, in both cases, a fibrillar-
porous structure develops in the polymer. However, there
are some differences between these two types of crazing. The
classical (localized) crazing is mainly observed when amor-

phous glassy polymers are deformed. The development of
crazing of this type is associated with an initial imperfec-
tion of a material, and individual crazes, as well as regions
of an undeformed polymer between them, may be distin-
guished in a sample. As the deformation develops, the frac-
tion of the nonoriented bulk polymer between crazes contin-
uously diminishes until the entire polymer passes into the
oriented state. The nucleation and development of crazes
in crystalline polymers are predetermined by their lamellar
structure, and the developing fibrillar-porous structure is dis-
tributed in the intercrystallite space throughout the sample
volume.

The similarity should be noted between the structure of
HDPE deformed in a liquid medium and the structure of poly-
mers that are referred to as hard elastics (Sprague, 1973;
Cannon et al., 1976; Lee et al., 2006; Volynskii et al., 2013).
However, owing to the special procedures of stretching and
annealing, the structure of films used as precursors for pro-
ducing hard elastics is more perfect; therefore, the stretch-
ing of these films in air gives rise to the formation of a high-
porosity fibrillar-porous structure in them. For HDPE used in
this study, the deformation in the air does not lead to the
development of the porous structure. The application of liq-
uid media facilitates the deformation by the crazing mech-
anism (Volynskii & Bakeev, 1995), and such a strict or-
der in the arrangement of lamellae is not required for the
development of a high-porosity fibrillar-porous structure in
polymers.
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