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Abstract—Supramolecular structures and morphologies of nonsintered, sintered, and radiationmodified
suspensionpolymerized PTFEs are investigated via scanning electron microscopy. Gamma irradiation is
performed below and above the melting point of the crystalline phase. The fibrillar supramolecular structure
of the nonsintered PTFE is preserved after its sintering. However, some regions of fibrils in the sintered PTFE
form lamellas elongated perpendicularly to the orientation of fibrils. Irradiation of PTFE below the melting
temperature at 20 and 200°C is not accompanied by a qualitative change in its morphology. Irradiation above
the melting temperature results in reorganization of the PTFE structure, namely, formation of spherulites
consisting of radially oriented fibrils.
DOI: 10.1134/S0965545X12080044
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INTRODUCTION

Recent years have seen considerable interest in
the study of PTFE irradiated by heavyion, gamma,
and electron radiation [1–4]. Such careful attention
is due to the finding that some practically important
properties of a polymer are considerably improved
after its irradiation in the temperature range above
the melting point [5–10]. The main emphasis was
put on molecular mechanisms and molecular struc
ture [4, 11–14]. At the same time, it should be noted
that the macroscopic properties of a polymer depend
on its supramolecular structure and morphology.
Therefore, research into the morphologies of radia
tionmodified PTFEs, like clarification of molecu
lar mechanisms, is of independent interest.
The morphology of the original nonirradiated
PTFE has been studied for already half a century [15–
19]. In [15], for the first time, the morphology of melt
crystallized PTFE was studied by electron microscopy.
The existence of bands with striation structure was
found. The bands were interpreted as faces of crystal
line lamellas (lamellar single crystals). In contrast, the
authors of [16, 17] concluded that the bands consist of
fibrillar crystallites packed in parallel. In this case, the
striations are related to interfibrillar amorphous
regions. In [20], by analogy with PE, the authors
recurred to the interpretation of bands as faces of crys
talline lamellas and striations due to fracture. Later
on, this viewpoint became prevalent [19, 21, 22].
However, on the basis of studies of the supramolecular
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structure and morphology of raw PTFE particles, it
was inferred that the fibrillar structure is preserved
after sintering [23].
There is a common opinion about the morphology
of polymerizate particles (nonsintered raw PTFE), as
opposed to that of the sintered PTFE (crystallized
from melt), that PTFE possesses a fibrillar structure
before sintering [18–20, 23, 24].
In the present paper, a comparative investigation of
the morphologies of polymerizate particles, sintered
PTFE, and its irradiated modifications obtained at
different irradiation temperatures is performed.
EXPERIMENTAL
Research Objects
Suspensionpolymerized
highmolecularmass
PTFE particles subjected to neither milling nor heat
ing to the melting temperature of crystallites were
investigated. The powder (provided by OAO Galogen,
Perm, Russia) was synthesized via a standard proce
dure.
Bulk samples of the sintered PTFE were produced
by the KirovoChepetsk Chemical Works from the
powder of the PN brand through uniaxial powder
molding followed by sintering.
The molecular masses of the original PTFE sam
ples determined from the heat of crystallization [25]
were
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Irradiation
Sintered PTFE samples were irradiated at 20, 200,
and 335°C in an inert medium (argon) on a KSV500
γray unit (Karpov Institute of Physical Chemistry)
with Co60 with γquanta with an average energy of
1.25 MeV. The samples were placed in a radiation
chemical apparatus [26] whose construction made it
possible to set the required conditions of irradiation.
The radiation dose rate was 2.8 Gy/s.
Scanning Electron Microscopy
The morphologies of PTFE samples were investi
gated by the method of scanning electron microscopy
(SEM). Fracture surfaces were obtained in liquid
nitrogen. Images of the fracture surfaces were mea
sured on a Jeol JSM7500F highresolution scanning
electron microscope (Japan) with a fieldemission
cathode. The images were obtained in the regime of
lowenergy secondary electrons because this regime
provided the highest resolution (1.5 and 1 nm at pri
marybeam energies of 1 and 5 keV, respectively). In
order to exclude charging effects and electronbeam
damage of the objects, the following methodological
approaches were employed: Measurements were per
formed at a low electronbeam current (3 × 10–11 A),
which was provided by the presence of a cold field
emission cathode. In addition, a special gentlebeam
regime, in which probe electrons were slowed down
directly near the sample surface, was activated. As a
result, on the one hand, the energy of primary elec
trons was reduced to ultralow values, thereby leading
to a decrease in charging effects and exclusion of the
sample damage. On the other hand, the electron
probe diameter remained low; thus, high resolution
was preserved. Finally, a metallic platinum film was
magnetrondeposited on the fracture surface.
During the deposition of platinum, the parameters
were set as follows: an electric current of 30 μA, a dep
osition time of 20 s, a targettosample distance of
40 cm, and a pressure of 5 Pa. A platinum film ~5 nm
thick was obtained under these conditions. In order to
avoid artifacts due to platinum deposition on fracture
surfaces, preliminary experiments on the deposition of
platinum on silicon single crystals were conducted
under the same conditions. The size of platinum par
ticles on single crystal faces was 4–5 nm in the given
deposition regime.
The increase in the temperature of a sample during
scanning, as estimated via the Castaing formula [27],
did not exceed 10°C. Sample regions with dimensions
from 5 × 4.5 mm to 50 × 45 μm were investigated at a
magnification factor of 106.
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Fig. 1. A polymerizate particle of highmolecularmass
suspensionpolymerized PTFE on the substrate.

RESULTS AND DISCUSSION
Morphology of Polymerizate Particles
It is well known that the primary product of PTFE
polymerization is powder (polymerizate) particles
with sizes from tens to several hundreds of microns.
These are highly crystalline materials with a degree of
crystallinity of 95–98%. Then, the powder is subjected
to mechanical milling in order to attain the given dis
persion parameters needed for subsequent molding
and sintering.
To exclude the effect of mechanical impacts on the
morphology of particles, polymerizate particles not
subjected to milling were investigated. The sizes of the
samples were in the range 0.1–1 mm.
As seen from Fig. 1, powder particles have an inho
mogeneous structure. There are two types of domains:
dense and fibrous. Fibrous domains form a continuum
in which dense islet inclusions with a wide size distri
bution, from units to several tens of microns, are ran
domly dispersed.
Upon further magnification, it is found that single
fibers possess a well distinguishable substructure
(Fig. 2). They consist of several thinner fibrils, as indi
cated by the presence of deep longitudinal grooves and
by the flat configuration of fibers. (The width is greater
than the thickness.) Therefore, the fibers may be clas
sified as ribbons consisting of fibrils. The fibrils are ori
ented along the direction of the ribbons. The least rec
ognizable fibril diameter is ~15 nm.
Macromolecules are extended along the direction
of fibrils (and ribbons) because the mean length of
polymer chains is on the order of 10 μm for the studied
polymer with M ∼ 107, and the folding of chains within
such a thin fiber (15–20 nm) seems improbable. The
length of the fibrils reaches several tens of microns and
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100 nm

Fig. 2. Fibrous (filamentary) structures in the aspolymer
ized highmolecularmass PTFE.

(a)

(b)

1 µm

100 nm

Fig. 3. Typical regions of dense domains of the PTFE poly
merizate: (a) dense domains with discontinuities (pores)
and (b) fibrillar structures in dense domains.

thus exceeds the macromolecular length. With allow
ance for the high (close to 100%) crystallinity of poly
merizate particles, it may be concluded that the
observed fibers are fibrillar crystallites formed by
extended polymer chains.
Dense domains have apertures of discontinuity
(pores) (Fig. 3a). A fibrillar structure is clearly seen on
images of dense domains at a higher magnification
(Fig. 3b). In general, the structure of these domains
may be characterized as an assembly of densely packed
fibrils. Underlying layers with an analogous fibrillar
structure are seen deep in the pores (Fig. 3a).
Thus, the morphology of polymerizate particles is a
combination of a network of ribbons, each of which
may include several fibrils oriented along the ribbons,
and blocks, consisting of densely packed fibrils. The
conclusion about the fibrillar structure of the raw
PTFE is in agreement with the experimental data [19,
20, 24], while the occurrence of a network structure
correlates with the fact that the porosity of PTFE
polymerizate particles is high [28].
Morphology of Sintered Samples
Further processing of the polymerizate via cold (at
room temperature) molding and sintering yields
PTFE articles in the form of blocks. However, the
extremely high viscosity of PTFE (~1011 Pa s) is pre
served at the sintering temperature (370–380°C) [29,
30]. Therefore, the sintering process aimed at coales
cence (fusion) of powder particles is significantly hin
dered. This circumstance may lead to partial retention
of porous dense domains and fibrillar ribbonlike struc
tures inherent of polymerizate particles. This assump
tion is indirectly confirmed by the results of [23],
where the sintering of powder particles caused no
changes in the supramolecular structure. Further
more, it may be assumed that the high viscosity of the
PTFE melt facilitates preservation of the system of
pores between powder particles after their sintering.
The porosity of sintered PTFE was discussed in [31].
Let us consider SEM images obtained for fracture
surfaces of sintered PTFE samples. We investigated
two types of fracture surfaces: across and along the axis
of sample molding. In what follows, they are referred
to as TD (transverse direction) and MD (machine
direction) fracture surfaces, respectively.
As is seen in Fig. 4, two regions, dense (homoge
neous) and loose (porous), are formed on the surface
of TD fracture surfaces. Dense regions have a fibrillar
structure and are morphologically identical to those in
polymerizate particles (Fig. 5). As regards these
regions, it may be affirmed that sintering does not
affect their structure.
In loose regions, as in polymerizate particles, there
are single ribbons consisting of several fibrils oriented
along a ribbon (Fig. 6). However, in contrast to the
surface of raw PTFE, the fracture surfaces of sintered
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samples have ordered structures in the form of bands
with widths of 100–300 nm and lengths of several
microns (Fig. 6a). As noted above, the band structure
of the fracture surfaces of sintered PTFE has long been
known [15], but their interpretation is ambiguous
[15–17, 20, 23].
The use of highresolution electron microscopy in
the present study made it possible, in the authors’
opinion, to convincingly demonstrate the fibrillar
structure of the bands.
As is clear from Fig. 6, the bands consist of fibrils
packed in parallel that are oriented across the direc
tion of bands. Moreover, the bands are formed by pass
ing fibrils whose ends go into the disordered polymer
regions (Fig. 6b). Fibrils may participate in the forma
tion of several ordered bands. A sharp boundary of a
stripe is formed by the end regions of fibrils.
It appears that the fibrils are bound via amorphiza
tion of their surfaces during sintering. This phenome
non promotes partial interpenetration of fibrils (i.e.,
appearance of tie polymer chains involved in the for
mation of crystallites in two or more fibrils).
The morphologies of TD and MD fracture surfaces
are different. A comparable amount of dense and loose
domains is absent from MD fracture surfaces (Figs. 4,
7a). At low magnifications, the fracture surface seems
to be homogeneous. Then, with a decrease in the
scale, structures in the form of bands and single fibril
lar ribbons, as well as pores, are predominantly found.
Figures 7b and 7c obtained at high magnifications
show that the packing density of fibrils and, accord
ingly, the thickness of amorphous interlayers between
the fibrils vary within a single stripe.
It may be assumed that the fibrillar ribbons
observed in polymerizate particles (Fig. 2) are capable
of binding and forming ordered structures during pro
cessing (molding, sintering, and further crystalliza
tion). These structures are shaped as fibrillar lamellas
extended perpendicularly to the orientation direction
of fibril regions. The formation of band structure on
the surface during sample fracture might be facilitated
by the layerbylayer structure of blocks, in which the
bonding between fibrils within the layer is stronger
than that between layers. In addition, an analysis of
images makes it possible to conclude that the fibrils in
lamellas have a less dense packing than dense domains
in both the polymerizate and the sintered PTFE
(Figs. 3b, 5, 6b, and 7b).
As follows from the above data, a fibril is an ele
mentary unit for all observed morphological forms.
The images presented in Figs. 6b and 7b) show that a
fibril has a characteristic substructure. The fibril is a
sequence of “beads” separated by a sharp electron
contrast. The characteristic grain size of the substruc
ture is 15–20 nm.
Thus, the main feature observed on the SEM
images of fracture surfaces of sintered PTFE, in com
parison with the SEM images of the surfaces polymer
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2
1

10 µm
Fig. 4. (1) Dense and (2) loose domains of the TD fracture
surfaces of the sintered PTFE.

100 nm
Fig. 5. Dense domains of the TD fracture surface of the
sintered PTFE.

izate particles, is the formation of ordered fibrillar
structures in the form of bands oriented perpendicu
larly to the direction of fibrils. Pores and single fibrillar
ribbons typical for polymerizate particles are likewise
observed on fracture surfaces of the sintered PTFE.
Morphology of Irradiated Modifications of PTFE
PTFE belongs to the type of polymers that undergo
destruction under ionizing irradiation. The signs of
destruction are the accumulation of end macroradi
cals formed via the scission of polymer chains, isola
tion of lowmolecularmass fluorocarbon radiolysis
products, and a decrease in mechanical strength [32–
34]. The radiation resistance expressed quantitatively
via the dose of a halfdecrease in the mechanical
strength is abnormally low, by more than two orders of

688

(a)

(b)

KHATIPOV et al.

100 nm

100 nm

10 µm

(a)

100 nm

(b)

Fig. 6. Fibrillar structure of loose domains of the TD frac
ture surface of the sintered PTFE at magnifications of (a)
100000 and (b) 200000.

magnitude relative to other polymers undergoing
destruction (PMMA, PB, PETF, etc.). An increase in
the radiation temperature is accompanied by a further
increase in the yield of degradation and, correspond
ingly, by a decline in the radiation resistance [34].
However, above the melting point, the monotonic
character of the temperature dependences of PTFE
characteristics is violated. As was proposed in [1, 6],
the irradiation of melted PTFE leads to a change in the
direction of radiationchemical processes, that is, to
crosslinking and improvement of mechanical proper
ties rather than destruction of polymer chains. Earlier,
the features of the behavior of PTFE during its irradi
ation above the melting temperature were observed in
[35], while crosslinking was assumed in [36–38].
In addition, in [10, 36], a change in the polymer
morphology due to accumulation of the products of
radiation destruction (chain scission, shortchain
branches, isolated double bonds, lowmolecularmass

10 nm

(c)

Fig. 7. Typical images of the MD fracture surface of sin
tered PTFE at magnifications of (a) 2000, (b) 100000, and
(c) 500000.

products, etc.) was discussed as a possible cause of the
abnormal behavior of PTFE near the melting temper
ature.
Below, the data of the comparative investigation of
the morphology of sintered PTFE irradiated below
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10 µm

(a)

689

100 nm
Fig. 9. Dense domain of the TD fracture surface of sintered
PTFE exposed to a dose of 200 kGy at a temperature of
20°C.

of crystalline lamellas is usually observed during
annealing in the region between the temperatures of
melting and crystallization [39].

10 µm

(b)

Fig. 8. General appearance of the TD fracture surface of
the sintered PTFE exposed to a dose of 200 kGy at temper
atures of (a) 20 and (b) 200°C.

and above the melting temperature of the crystalline
phase are presented.
The morphologies of irradiated modifications of
PTFE obtained at 20 and 200°C show some features
common with the original nonirradiated polymer. In
both cases, as for the original PTFE, dense and loose
(porous) domains are observed on the fracture surfaces
(Fig. 8). These domains consist of irregularly shaped
blocks of densely packed fibrils (Fig. 9), single rib
bons, and fibrillar lamellas (Fig. 10). An examination
of the images makes it possible to conclude that all of
the above speculations about the supramolecular
structure and morphology of sintered PTFE are still
valid for the irradiated PTFE.
An important feature observed for PTFE after its
irradiation at 200°C is a noticeable broadening of
bands (Fig. 10b).
On the basis of the concept of the lamellarcrystal
nature of striated [20], it is difficult to explain their
broadening during the irradiation of PTFE far below
its melting temperature. An increase in the thickness
POLYMER SCIENCE
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This fact may be explained under the assumption of
the fibrillar structure of striated bands. It is known [32,
33] that the radiationinduced destruction (scission)
of polymer chains occurs mainly in the amorphous
phase, which possesses an increased free volume. The
binding between fibrils is determined also by amor
phous interlayers. Then, the destruction of macromol
ecules in the amorphous phase should lead to the
weakening of bonds between fibrils, and their
unpacked regions acquire the capacity for additional
ordering, i.e., for the broadening of bands (or thicken
ing of the fibrillar lamella).
The discussed explanation of the thickening of
crystalline lamella plates implies an almost complete
disruption of folds of macromolecules entering the
disordered region on the surface of the crystalline
lamella.
A qualitative change in the morphology of sintered
PTFE occurs during its irradiation above the melting
temperature of the crystalline phase. Centrosymmet
ric structures, that is, spherulites, are observed even at
a low magnification (Figs. 11a, 12a). The sizes of
spherulites amount to tens of microns. Figure 11 pre
sents a part of the surface in which the centers of
spherulites have the appearance of bulges that appear
as a result of fracture. A spherulite is divided into sep
arate sectors (petals) by “spines” (defect regions radi
ating from the center) in the plane of the fracture sur
face image. As seen from Fig. 11b, spherulites are
formed by radially oriented fibrils. The fibrils are
densely packed near the center, while their packing
density decreases with the distance from the center.
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100 nm

100 nm
Fig. 10. Loose domain of the TD fracture surface of the
sintered PTFE exposed to a dose of 200 kGy at tempera
tures of (a) 20 and (b) 200°C.

Figure 12 shows regions with the response concave
reliefs. Here, the centers of spherulite are craters and
the boundaries of petals are concave. The peripheral
interspherulite region is shown in Fig. 13. During the
growth of spherulites, fibrillation of the structure lead
ing to formation of a rare fibrillar network occurs
owing to tensile stresses.
Thus, mutually responsive reliefs of spherulites are
formed on two surfaces during fracture of the sample.
Moreover, both convex and concave reliefs may be
found on the same surface.
A comparative analysis of the images of fracture
surfaces of PTFE irradiated below and above the melt
ing temperature makes it possible to conclude that, on
the whole, the spherulite structure of PTFE is less
porous and lacks loose domains and pores with sizes
from 100 nm or more. This assumption is consistent
with a decrease in the porosity of PTFE irradiated in
melt [29].

10 µm

(a)

1 µm

(b)

Fig. 11. TD fracture surface of PTFE exposed to a dose of
200 kGy at a temperature of 335°C. A part of the surface in
which the centers of spherulites have the appearance of
bulges that formed as a result of fracture: (a) spherulite
structure and (b) fibrillar structure of spherulites.

Earlier, the formation of spherulites was observed
only for a lowmolecularmass emulsion polymerized
PTFE (M ~ 5 × 105) [18–20]. In [20], the spherulite
structure was represented by radially oriented bands.
In such spherulites, macromolecules are tangentially
oriented because the bands are oriented perpendicu
larly to polymer chains. No spherulites were earlier
observed in highmolecularmass emulsion polymer
ized PTFE. However, as was shown above, this poly
mer almost fully transforms into the spherulite mor
phology during radiation modification above the melt
ing temperature. In contrast to the lowmolecular
mass PTFE, fibrils and their constituent macromole
cules are radially directed in the spherulites discovered
in this study.
It is known that spherulites do form in highmolec
ularmass PTFE. This circumstance is in agreement
with the concept that the scission of macromolecular
chains; the decrease in molecular mass; and, conse
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10 µm

(a)

691

100 nm
Fig. 13. Peripheral interspherulite region on the TD frac
ture surface of sintered PTFE exposed to a dose of 200 kGy
at a temperature of 335°C.

A decrease in the porosity of PTFE, together with
marked morphological changes, may result in a sub
stantial enhancement of radiationinduced changes in
macroscopic properties that are expected in the case
when only molecular processes (destruction and/or
crosslinking) occur.
CONCLUSIONS
1 µm

(b)

Fig. 12. TD fracture surface of PTFE exposed to a dose of
200 kGy at a temperature of 335°C. A part of the surface
with the responsive concave relief, in which, as a result of
fracture, (a) petals are concave and (b) centers of spheru
lites are craters.

quently, the reduction in melt viscosity comprise the
main molecular mechanism of the radiation modifica
tion of highmolecularmass PTFE in melt. The
destruction of polymer chains decreases the binding
between fibrils and increases their mobility. These fac
tors promote the reorientation of fibrils with concom
itant formation of spherulites that appear to be a mor
phological form preferable to fibrillar lamellas.
Thus, the specific feature of fibrils is their ability to
generate different morphological forms: irregular
densely packed blocks (in the polymerizate and in the
sintered PTFE), lamellas (in the sintered PTFE), and
spherulites (in the melt irradiated PTFE).
In addition, a decrease in the viscosity of melt facil
itates the collapse of pores and voids inside the mate
rial due to surfacetension forces [29]. This shrinkage
of pores in the modified samples may provide the
direction of the structural rearrangement process and
ensure the appearance of spherulite centers (nuclei).
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The morphology of polymerizate particles of high
molecularmass emulsionpolymerized PTFE is
described as a combination of fibrillar ribbons that
form a random threedimensional porous network and
blocks consisting of densely packed fibrils. The rib
bons have a flat structure composed of several fibrils
oriented along the ribbon direction.
The fibrillar supramolecular structure of the poly
merizate is preserved after sintering. Morphological
structures in the form of dense domains (blocks of
densely packed fibrils) and single ribbons with the lon
gitudinal orientation of fibrils are identical to those in
the polymerizate. The distinctive feature of the sin
tered PTFE is that fibrillar lamellas extended perpen
dicularly to the direction of fibrils are formed.
The morphology of PTFE irradiated below the
melting temperature at 20 and 200°C has some com
mon features with the original nonirradiated polymer.
In both cases, as well as for the original PTFE, dense
and loose domains formed by fibrils are observed on
the fracture surface. The specific feature found
for PTFE after its irradiation at 200°C is a noticeable
broadening of bands (the thickening of fibrillar
lamellas).
Irradiation above the melting temperature leads to
the complete structural reorganization of PTFE, that
is, to the formation of new morphological forms—
spherulites with sizes of several tens of microns that
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consist of radially oriented fibrils—and, in general, to
a considerable decrease in porosity. Such a structural
reorganization of highmolecularmass suspension
polymerized PTFE has been observed for the first
time. It has been concluded that the formation of
spherulites is caused by radiationinduced scission of
polymer chains, a decrease in their molecular masses,
and a reduction in polymer viscosity.
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