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ABSTRACT: The morphology of polyvinylidenefluoride
(PVDF) and the copolymer of tetrafluoroethylene with eth-
ylene (CTE) were investigated by thermomechanical analy-
sis. Both granules and highly dispersed powders of the
polymers have similar morphology. Polymer granules con-
tain amorphous and crystalline regions. The morphology
of the polymer powders were determined under two ana-
lytical conditions: coaxial, when the vectors of polymer
loading and vector of compression pressure are in the
same plane, or when they are perpendicular to each other.
One amorphous and two crystal blocks were found at
coaxial orientations of the vectors. Thermomechanical anal-
ysis showed that the polymers had a completely amor-

phous diblock morphology at the perpendicular orienta-
tion of the vectors. Parameters that characterize a degree
of interchain interaction, such as coefficients of thermal
expansion, free volume, and temperatures of polymer
transformation into the glassy, high-elastic, or flow-viscous
state were determined. PVDF and CTE have similar topo-
graphic composition, but different molecular mass and
temperatures of phase transitions. � 2008 Wiley Periodicals,
Inc. J Appl Polym Sci 108: 2085–2094, 2008
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INTRODUCTION

It has been shown that during gas-phase prefluorina-
tion of homogeneous films and membranes, the rate
of fluorinated layer formation is limited by the abil-
ity of fluorine to penetrate through the fluorinated
polymer layer to the layer of the initial polymer.1

The layers of fluorinated and initial polymer are sep-
arated by a narrow domain where major chemical
reactions take place. In addition to the fluorine diffu-
sion rate, other molecular topological characteristics,
such as the phase condition of the fluorinated poly-
mer, can affect low-temperature fluorination of poly-
mers.

Recently, direct fluorinations of PVDF and copoly-
mer of tetrafluoroethylene with ethylene (CTE)
by molecular fluorine at 35–300 K were reported in
Ref. 2. The reaction of CTE or PVDF with fluorine at
low temperatures results in the abstraction of hydro-
gen leading to the formation of radicals which were
detected at 35 K. The radical concentration produced

by fluorination of CTE at 77–200 K is 10 times
greater than that of the PVDF radicals formed under
similar conditions due to differences in the C��H
bond energies.2 In addition, PVDF has only slightly
more fluorine after fluorination with the difference
below the accuracy of the energy dispersion micros-
copy method (1%). However, we note that radical
centers are formed which suggests that some fluo-
rine has been added. In contrast, the fluorine content
in CTE increases by � 3% on direct fluorination.2

The PVDF and CTE polymers differ in how the
��CH2�� and ��CF2�� groups alternate. In PVDF,
the ��CH2�� and ��CF2�� groups alternate so that
every ��CH2�� is between two ��CF2�� groups,
whereas in CTE, two ��CH2�� groups are found
between the two ��CF2�� groups. We propose that
PVDF and CTE fluorination depends on their molec-
ular-topological structure. In spite of wide use of
these polymers,3,4 the influence of the ��CH2�� and
��CF2�� groups on their chemical activity has not
been investigated. Relevant literature data3,4 of the
molecular-topological structure of these polymers
are unfortunately also quite conflicting.

An important characteristic of the polymers is
their molecular mass (MM). The MM together with
the macromolecule chemical structure defines the
physical, chemical, and mechanical properties of the
polymers. The topological structure of the polymers
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further defines its properties. Usually, the polymer
topological structure combines a wide number of pa-
rameters, such as the macromolecule structure
(linear, network (crosslinked), branched) and the
interchain behavior (temperature of transformation,
linear thermal expansion, free volume). The tempera-
ture intervals of the polymer phase (glassy, rubber-
like, and viscous-fluid) transitions are also included
in defining the properties of the polymers.

In the case of many polymers, the majority of the
molecular-topological parameters can be defined by
classical methods of polymer structural analysis, such
as DSC, X-Ray, NMR, and etc. The polymer MM and
molecular mass distribution (MMD) are determined
by gel permeation chromatography.5 Other existing
methods defining polymer molecular heterogeneity
are based on the use of diluted solutions of linear
polymers, and by examining the swelling process of
the network structure of the polymers. However,
some perfluorinated polymers are not easily dissolved.
Therefore, their MM are determined with indirect
methods3,4 beginning with the heat treatment of the
samples. This leads to the thermodestruction of the
polymer which decreases its MM.

Thermomechanical spectroscopy (TMS) is a new
technique of thermomechanical analysis that has
been developed6,7 for determining complex polymer
molecular morphology. It is based on polymer mea-
surements of sample deformation under a load as a
function of temperature. TMS is used to identify the
molecular-topological structure of polymers and
polymeric compositions.8 It permits a determination
of the molecular mass characteristics of linear low
soluble polymers,8 polyblock amorphous and crystal
systems,9 polymeric compositions with interacting
and inter penetrating polymeric grids,10 and rubbers
of various composition and structure.10 Recently, the
TMS method was used successfully by us to investi-
gate the effect of radiation on the molecular-topolog-
ical structure of polytetrafluoroethylene.11

Below are listed the experimentally6,7,12 obtained
analytical measurements using the TMS procedure:

• MMD of oligomers and polymers of various
MM and chemical structures of a chain, includ-
ing low soluble or practically insoluble polymer;

• MMD and its parameters of block copolymers,
components in a mixture of polymers differenti-
ated by cohesive interchain energy interactions;

• Quantitative composition of block copolymers,
components in polymer blends and polymeric
compositions with mineral filler;

• MMD polymeric binding compositions contain-
ing various mineral, organic and inorganic fill-
ers, and other nonpolymeric additives;

• Quantitative distribution between topological
and chemical clusters;

• Quantitative composition of components of in-
terpenetrating and polyinter-penetrating poly-
meric grids;

• Quantify the crystal phase in polymers of vari-
ous compositions.

In the present study, the morphology of the PVDF
polymer and the CTE copolymer were investigated
by TMS. A review of the methodology used6,7,12 is
described below.

METHODOLOGY

The x-y recorder is used to record two functions: de-
formation as a function of time and temperature as a
function of time, necessary for construction of the
thermomechanical curve (TMC) in coordinates of
thermal expansion versus temperature. The thermo-
mechanical analysis is performed until the tempera-
ture reaches the established molecular flow in the
case of linear polymers, or the beginning of thermal
degradation of a network for tailored polymers.

TMS is based on two fundamental properties of
polymer macromolecules placed in a variable tem-
perature profile. First, to perform a segmental relaxa-
tion of macromolecules in strict accordance with the
methods described in Ref. 13. It assumes a mona-
tomic increase in the MM of the polymer homo-
logues (same MM but different geometrical struc-
tures) according to the equation:

log Mi ¼ log Mo þADT=ðBþ DTÞ; (1)

where Mi is the MM of the polymer homologue, Mo

is the Kun segment (threshold MM between a poly-
mer and a compound), DT is the temperature range
between a glass transition (Tg) and the fusion (Tf)
temperature, A and B are constants.

Second, the deformation jump, proportional to the
weight fraction of the homologues in the polymer,
occurs at a particular temperature in a loaded poly-
mer due to thermal degradation of the physical net-
work and a decrease of the elastic modulus, Ei in the
polymer. Thus, for a polymer placed in a variable
temperature profile, equilibrium deformation jumps
occur. The area under the TMC represents a transi-
tion band of the polymer.14–16

In the temperature range Tg–T‘ all polymer mac-
romolecules exist under a condition of flow and
accompanying deformation jumps. The temperature
T‘ (temperature when high-elasticity becomes a pla-
teau) corresponds to the flow condition for the
homologue with the highest MM. Above this tem-
perature, a process of molecular flow occurs for lin-
ear polymers, and the occurrence of a high-elasticity
plateau for network polymers. This thermomechani-
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cal behavior is a basic difference between linear and
network polymers. Using the parameters of TMCs
proportional to the weight fraction ui as the Y axis
and MM Mi as X axis, the homologue transition area
TMC of both network and linear polymers is a pseu-
dointegrated curve of MMD of the analyzed poly-
mers. The word pseudo is used when MM is deter-
mined by TMS.

The principle of thermomechanical deformation
equilibrium in the transition area is basic for all
polymers without an exception.17 Therefore, analysis
of thermomechanical measurements for any polymer
begins with identification of the temperature range
for three basic conditions of the polymer—glassy,
rubbery, and viscous-flow. If a polymer contains a
crystal fraction, a similar procedure should be car-
ried out.

In network and pseudonetwork polymers the
transition area of the TMC is unequivocally identi-
fied for the majority of them. A pseudonetwork is
a physical network in which the thermostability of
the branching junctions of the network is below the
least stable chemical bonds of the polymer chain.
Figure 1 shows the temperature range between Tg

and T‘. The relaxation transition of the second
type is identified for the majority of TMC of net-
work or pseudonetwork polymers by a change of
deformation rate with increasing temperature in
the glassy state (curve AB). The rate of the expan-
sion deformation in this region is characterized by

a linear thermal expansion factor, a1. Thus, two
types of TMC are possible. The first most widely
distributed type (curve a) is characterized by the
process of thermomechanical deformation which
begins at the temperature corresponding to point
B. It has a minimum MM at the temperature T1.
When it is in a deformation jump H1, it is charac-
terized by the Kun segment. At any temperature,
the Ti position of the probe on the surface of the
polymer is determined by two deformation pro-
cesses—thermal expansion and deformation of pen-
etration due to a decrease of the modulus of the
network. It is necessary to perform their quantita-
tive separation because the thermomechanical de-
formation provides the information on MM and a
MMD of network polymers. For this purpose we
have to compare the thermomechanical and the
dilatometry curves on a straight line of expansion
in the field of a glassy state (curve ABBI). The
straight line of high-elastic expansions on the dila-
tometry curve (line BBI) is nearly parallel to the
high-elastic plateau (line CD) on the TMC. The
slope aI

2 will be a little bit greater than a2, and
the difference between them should compensate
the change in the modulus of the network from
temperature C to temperature D, because the cross-
link yield in this range of temperatures remains
invariant. In practice, the dilatometry straight line
BBI for the TMC type 1 can be carried out as
straight line CD.

The above procedure for forming the dilatometry
straight line BBI is not necessary if we have a poly-
mer of type 2 [Fig. 1(b)]. In networks of this type,
the lowest MM of the intercentral homologue is
much greater than the mass of the Kun segment. For
them, thermomechanical deformation (point BI) is
found at temperatures above Tg. In this case the ba-
sic straight line will be carried out by extrapolation
of a straight line for high-elastic expansions at a rate
equal to the thermal expansion factor a2.

An important aspect of the thermomechanical
method for MMD analysis is determining the poly-
mer condition when an equilibrium state is
approached at point T‘ (a plateau of high elasticity),
similar to that of the polymeric network at equilib-
rium upon swelling in an appropriate solvent.18

Thus, the integral deformation H‘ at temperature T‘

determines the size of the equilibrium modulus of
elasticity, E‘, and the corresponding magnitude of
me, the concentration of clusters in a polymeric net-
work. For the hemispherical form of the tip of the
probe with radius Ro between size H‘ and the
appropriate structural parameters, the following rela-
tionship19 has been established:

E‘ ¼ 3ð1� l2ÞP
4R

1=2
o �H3=2

‘

; (2)

Figure 1 Thermomechanical curves of network polymer at
Kun (a) and above Kun (b) values of interchain homolog.
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where l is the Poisson ratio, and P is the load. The
eq. (2) is substituted into the equation in high-elastic-
ity theory:

me ¼ E‘

3RT‘
(3)

in which me is the concentration of inter central
chains of a network in mol cm23, R, the gas con-
stant, T‘, the temperature where a value for a high
elasticity plateaus is obtained. Having substituted
eq. (3) into the expression Mg ¼ d=me where d is the
density of the polymer, we obtain the following
equation for calculating the concentration of chemi-
cal junctions of a network polymer:

Mg ¼ 4R
1=2
o 3H

3=2
‘ 3RT‘d

ð1� l2ÞP : (4)

It is natural that the sum will be the size equilib-
rium, which is experimentally observable in practice.
Having shown that

Mgn ¼
1

Pn

i

ui=Mgi

and Mgw ¼
Xn

i

Mgiui: (5; 6)

where n is the number of sections with a tempera-
ture area of Tg–T‘. Values of the weight fraction of
each polymer homologue ui are calculated from the
equation

ui ¼
Hiþ1 �Hi

Pn

i

Hi

: (7)

In this way we can obtain all parameters necessary
for calculating Mgw and Mgn and for the construction
of the distribution function in coordinates ui 2 log
Mi.

Typical TMC for linear homopolymer and diblock
copolymer behavior is given in Figure 2. Diblock
copolymers may be completely amorphous or amor-
phous-crystal polymers.20,21 It is necessary to attrib-
ute all polymers investigated in the present work as
amorphous-crystal polymers.

We used a homopolymer as a model for demon-
strating the method for calculating the molecular
mass characteristics of linear monoblock polymers
[Fig. 2(a)]. Such polymers, as well as network poly-
mers, exhibit at low-temperatures, an expansion in a
glassy state at constant rate (straight line AB) and
are characterized by a linear thermal expansion fac-
tor a1. At temperature B, glass transition tempera-
ture (Tg), structural relaxation of the glassy phase
begins followed by segmental relaxation. It starts at
the glass transition temperature (Tg). The segmental

relaxation is accompanied by expansion connected to
an increase of the geometrical free volume Vf. The
rate of high-elastic expansions is characterized by a
linear thermal expansion factor a2. For amorphous
polymers a1 and a2, the threshold ratio a2/a1 � 6
has been established.13

The elastic region in a TMC of linear polymer con-
tinues up to temperature (C) at which the lowest
MM homologue Mmin of the polymer, changes to a
condition of flow. At this point, the elastic modulus
(E1) drops and a deformation jump, DH, occurs i.e.,
the loaded hemispherical probe penetrates into the
polymer, which is the softening temperature for the
polymer. The magnitude of the deformation jump
DH1, as shown experimentally,7 is proportional to
the weight fraction of i homologues with MM Mmin.
As the temperature increases the MM of the poly-
mer-homologues increases. Accumulation of thermo-
mechanical deforming (H‘ 5 DH1 1 DH2 1� � �1
DHn) occurs down to size H‘ at T‘.

However, in contrast to relaxation of the inter-
chain central homologues in a network polymer, in
which the temperature of flow for the highest MM
homologue is defined unequivocally by the begin-
ning of linear expansion in the region of high elastic-
ity, such unambiguity is not observed in linear poly-

Figure 2 Thermomechanical curves of linear amorphous
monoblock (a) and diblock (b) polymers.
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mers. At temperature near point O, because of the
extremely small value of the modulus, the process of
molecular flow begins at a temperature some
degrees below T‘. The separation procedure for
components of integral deformation (curve COT)
with elimination of thermomechanical deformation
is described in Ref. 20. As a result of the separation,
a pseudointegrated curve of MMD of linear polymer
(curve COI) is obtained.

Calculation of the average molecular mass charac-
teristics is reduced to dividing the temperature range
TI
g–T

I
‘ by the number of temperature bands DTi and

to defining the general calibrating dependence eq.
(1) values of Mi. Size ui ¼ Hiþ1 �Hi=ð

Pn
i HiÞ. Further

on averaging Mn¼1=
Pn

i ðui=MiÞ and Mw¼
Pn

i Miui;
we estimate the magnitudes of the molecular charac-
teristics and the polydispersity factor, K. Then we
build the differential curve of MMD of the polymer
in coordinates ui 2 log Mi.

Let us analyze the behavior of a typical TMC lin-
ear semiblock amorphous polymer [see Fig. 2(b)].
The polymer has at least two ways to form a poly-
block topological structure. The major way is the
polyphilic structure of its macromolecules. Copoly-
mers consisting of monomers with various cohesive
energy usually have such a structure. Typical exam-
ples are copolymers of butadiene and styrene, or bu-
tadiene and acrylonitrile. Polymers of uniform chem-
ical structure such as polybutadiene, polyisoprene,
plant rubber, and polystyrene may also have diblock
structure chains (homopolymers) because of their
various isomeric and stereoisomeric composition.

Homopolymers, such as polyethylene, polypropyl-
ene, and polytetrafluoroethylene can also form poly-
block topological structures. These structures can be
completely amorphous and amorphous-crystalline.

The quantitative parity between regions is defined
as the ratio of integral thermomechanical deforma-
tions:

u1 ¼
HI

‘

HI
‘ þH‘

; u2 ¼ 1� u1: (8)

It is known from polymer physics that for an
amorphous condition a certain relationship exists
between a1 and a2 factors, namely a2/a1 � 6.13 It is
the criteria of amorphousness and crystallinity of
regions in amorphous-crystalline polymers.

It was shown in Ref. 22, that upon thermomechan-
ical analysis of crystalline polymers at the tempera-
ture of the onset of the crystal fraction melting (Tm),
the expansion rate of the polymer is greater than
that in a glassy state (a1

2). The crystal fraction in
amorphous-crystalline polymers is based on thermo-
mechanical analysis, determined by estimating the
integral thermomechanical deformation in the TMC
transition area of the amorphous block (H‘) and the

expansion deformations upon melting of the crystal-
line polymer (Hk). Thus, it is necessary to take into
account that in the first type, caused by penetration
of the probe, that the deformation is independent of
the size of the sample, but the extent of expansion
upon melting of a crystal depends on the thickness
of a sample. It is necessary to compare the absolute
thermomechanical deformation H‘ with the specific
deformation of expansion Hk/Ho, where Ho is the
thickness of the polymer sample being analyzed. The
quantitative relationship between these sizes has
been established20:

ucr ¼
Hk=HO

Pn

i

Hi

: (9)

The values of polyblock polymer molecular mass
are calculated from the equations: Mn ¼ 1=

Pn
i

ui

Mniand Mw ¼ Pn
i Mwi

ui, where Mn and Mw are the aver-
age MM of polymer, Mni and Mwi

are the average
MM of the macromolecule fragments in each of
blocks.

EXPERIMENTAL

Materials and testing conditions

Polyvinylidenefluoride (PVDF) and the 1 : 1 copoly-
mer tetrafluoroethylene with ethylene (CTE) were
used, and their structures are shown in Scheme 1.

�CH2�CH2�CF2�CF2�CH2�CH2�CF2�CF2�CTE
�CH2�CF2�CH2�CF2�CH2�CF2�CH2�CF2�PVDF

PVDF and CTE were purchased from the Konstan-
tinov Kirovo-Chepetsk Chemical Combine (Russia)
as Fluoroplast-2 (PVDF) and Fluoroplast-40 (CTE).
The amount of hydrogen in PVDF and CTE deter-
mined by elemental analysis was the same as that
predicted assuming a perfect polymer of 50% each
of C2F4 and C2H4 in CTE and no end group effects.
NMR studies of PVDF have demonstrated that only
5–6% of the polymer is connected ‘‘head-to-head’’
consistent with other samples.23 The degree of regu-
lar alternation of the monomers in the polymers was
examined by IR spectroscopy of the CH2 groups at
2950 and 2973 cm21, and the results were consistent
with a completely alternating polymer. The granules
of PVDF are truncated cylinders with a 3 mm diam-
eter and a 4 mm length. The granules of CTE have a
flat base dimension of 5 mm with a radius of 2 mm.
The powders are 70 lm in size.

The thermomechanical analysis was carried out by
penetration of a quartz hemispherical probe into the
polymer. Dynamics of its interaction with a polymer
surface is presented in Ref. 24. One of the measured

MORPHOLOGY OF POLYVINYLIDENEFLUORIDE 2089

Journal of Applied Polymer Science DOI 10.1002/app



values is a change of the linear size of a sample
between a substrate and the probe.

A polymer sample should have a continuous
structure in the entire sample volume. It may have
any shape, but it must have two plane-parallel sides
separated by tens of microns up to several mm
depending on the sensitivity of the measuring equip-
ment and the temperature-expansion coefficient of
the polymer.

The polymer powder of 0.2–1.0 g was compressed
under the optimized pressure of 200–250 kg cm22.
The DP36 press made in Germany by ‘‘Carl Zeis
Jena’’ was used. The diameter of the metallic form
used for pressing is 6 mm and its meets the No. 14
Russian standard for surface treatment. Pressing was
carried out at room temperature. The resulting pellet
was placed in the chamber of the standard thermo-
analyzer ‘‘UIP-70M’’ and cooled to 21008C at a rate
of 58/min. It was maintained at this temperature
for 5 min and then the probe loaded with a force of
0.5 g. Finally the sample was heated at the rate of
58/min.

Accuracy and reproducibility of the TMS method
was analyzed in Ref. 25. The accuracy of the temper-
ature measurements in the thermostatic chamber of
the instrument is 60.058C. The accuracy of deforma-
tion is 65 nm. The errors of MM and free volume
fraction are less than or equal to 610%. The data
were reproducible within the error limits of 65 to
10%, but in some cases, it can be as large as 620%
due to heterogeneity of the materials and differences
in their thermal and stress history.

RESULTS AND DISCUSSION

The TMCs of the CTE copolymer granules [Fig. 3(a)]
and powders [Fig. 3(b,c)] tested in the coaxially and
perpendicular orientation are given in Figure 3(b,c),
respectively, and the TMCs for PDVF granules and
powders tested coaxially are given in Figure 3(d,e),
respectively.

Analysis of these curves yield a1 and a2, the coef-
ficients of linear thermal expansion in the glassy and
high-elasticity slate; ak, a

0
k, a

00
k, the coefficients of lin-

ear thermal expansion at the fusion temperature of
the low-melting, intermediate, and high-melting
crystal, Tg, for the glass transition temperature of the
amorphous block, Tcl, the glass transition tempera-
ture of a cluster, Tm, T

0
m, T

00
m, fusion temperature for

the low-melting, intermediate and high-melting crys-
tal modifications; Tf beginning temperature of molec-
ular flow, T‘ beginning temperature of a grid equi-
librium state; Vf the free geometrical volume; Mg

and Mg average numerical and average weight mass
in a pseudo network structure of an amorphous
block, M

cr1

n , M
cr1

w , M
cr2

n , M
cr2

w the MM in the low-melt-
ing, and high melting crystal forms, Mw average
weight MM of blocks, K the polydispersity factor
and ua, ucr, u0

cr, u00
cr, the weight fractions of the amor-

phous block, low-melting, intermediate and high-
melting crystal modifications.

Topological structure of the CTE
and PVDF granules

The TMC of the CTE copolymer granules, and the
PVDF granules given in Figure 3(a,d), respectively,
are characteristic of a polyblock amorphous-crystal
structure. In the temperature range from 2100 to
308C the CTE polymer exists in a semicrystalline
state and expands with temperature at a constant
rate (AB line), which is characterized by a coefficient
of linear thermal expansion (or contraction at cool-
ing) a1 5 10.64 3 1025 deg21.

At Tg 5 308C the CTE copolymer shows an
enhanced segmental mobility and formation of the
transition area TMC, the deformation jumps DHi. De-
formation jumps occur in a loaded polymer because
of the monotonic lowering of the physical network
module upon segmental relaxation of the interchain
homolog with mass Mi and weight fraction ui.

According to theory of26 and thermomechanical
analysis,6,7,14,16 relaxation starts with the smallest
segments (Kun segments) and ends at T‘ 5 1518C
for CTE because of the transition of the highest MM
homolog into the flow state (polymer moves as a
whole). The deformation jump DHi 5 Hi 1 1 2 Hi,
corresponding to the MM Mi, is proportional to Ti–
Tg and allows for an estimate of the weight fraction
ui according to the equation27:

log Mi ¼ 2:3þ 11DTi

100þ DTi
: (10)

Thus, the transition area TMC of any polymer in
ui – Mi coordinates exists as a pseudointegral MMD
curve of interlinked chains in the pseudonetwork of
the amorphous block. The criterion of the topological
composition of CTE is the plateau of highly elastic
deformation (curve CD), where the ratio of the
expansion rates in this area is a2/a1 < 6 (a2 5 35.7
3 1025 deg21).13

The number–average (Mgn) and weight–average
(Mgw) MM of the chain segments between junctions
in amorphous regions of CTE were calculated using
the program presented in Refs. 6 and 7. Mgn 5 37.2
3 103, Mgw 5 55.4 3 103, and Ka 5 1.49, where Ka is
the coefficient of polydispersity. The pseudonetwork
structure of the amorphous block is formed from the
crystallized fragments CTE macromolecules, which
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Figure 3 The TMS of granules (a,d) and powder (b,c,e) of the copolymer of tetrafluoroethylene with ethylene (a–c) and
polyvinylidenefluoride (d,e). TMS tested in coaxially (b,e) and perpendicular (c) orientation of the vectors. (a) The TMS of
granules of the copolymer of tetrafluoroethylene with ethylene. (b) The TMS of powder of the copolymer of tetrafluoro-
ethylene with ethylene. TMS carried out in a coaxially orientation of the vectors. (c) The TMS of powder of the copolymer
of tetrafluoroethylene with ethylene. TMS carried out in a perpendicular orientation of the vectors. (d) The TMS of gran-
ules of the polyvinylidenefluoride. (e) The TMS of powder of the polyvinylidenefluoride. TMS carried out in a coaxially
orientation of the vectors.
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functions as interchain branching. Their thermostabil-
ity provides the stability of the highly elastic amor-
phous block from T‘ 5 1518C to the beginning of the
melting temperature of the low-melting crystal modifi-
cation which occurs at Tm 5 1948C. At T > Tm the
rate of the polymer expansion sharply increases as a
result of the increase in polymer volume during melt-
ing.28 The rate of expansion under stationary condi-
tions (ak 5 76.9 3 1025 deg21, line DK) equals the
value exceeding the barrier ratio ak/a1 ‡ 6.13 The MM
of the low-melting crystallized fragments is calculated
according to eq. (3), where DT is the difference in tem-
peratures between points K and D. In the polymer
studied M

cr1

n �M
cr1

w 5 39.8 3 103, and K0
cr 5 1.0.

The MM of the high-melting crystallized frag-
ments of the chain segments between junctions is
calculated according to eq. (3), where DT is the dif-

ference in temperatures between points 0 and K. In
the polymer studied M

cr2

n � M
cr2

w 5 100.0 3 103, and
K00

cr 5 1.0. The temperature of the beginning of mo-
lecular flow (curve OT) Tf 5 2528C.

The weight ratio of amorphous to crystalline frag-
ments of the chain segments between junctions of
the CTE macromolecule is 0.49/0.51. The exclusive
chain character of the CTE amorphous fragments
with free volume Vf 5 0.228 at Tg allows calculation
of the CTE MM according to eq. (11), assuming only
a single time crossing between chains of both topo-
logical blocks:

Mw ¼ Mgwua þM
cr

wucr ¼ 43:3 3 103: (11)

The PVDF granules have the topological structure
similar to that described above [Fig. 3(d)]. Parame-
ters of the topological structure of the PVDF and
CTE granules are listed in Table I.

Topological structures of the CTE
and PVDF powders

Investigation of the molecular-topological structure
of the polymer powders by means of TMS assumes

TABLE II
Molecular and Topological Structures of Powder of CTE

and PVDF in Coaxial Orientation of Vectors

Analyzed parameters CTE PVDF

Amorphous region
Tg (8C) 218 –
a1 (3105 deg21) 9.43 7.8
a2 (3105 deg21) 31.3 –
Vf 0.167 –
Ka 1.37 –
ua 0.06 –
T‘ (8C) 31 –
Mgn (31023) 3.6 –
Mgw (31023) 4.9 –

Low-melting crystalline portion
Tm (8C) 34 35
ak (3105 deg21) 142.9 60.6
Kcr 1.08 –
ucr 0.44 0.47
M

cr1

n (31023) 1,580 79.4
M

cr1

w (31023) 1,700 –
Intermediate-melting crystalline portion

T0
m (8C) – 64.5

a0
k (31025 deg21) – 60.0

u0
cr – 0.50

High-melting crystalline portion
T (8C) 93 (T0

m) 106 (T00
m)

ak (3105 deg21) 71.4 (a0
k) 56.0 (a00

k )
Kcr 21.5 (K0

cr) 4.0 (K00
cr)

ucr 0.50 (u0
cr) 0.03 (u00

cr)
M

cr2

n (31023) 300.3 6.3
M

cr2

w (31023) 6,461.2 25.1
Tf (8C) 201 129

Values averaged between regions
Mw (31023) 3,928.1 69.9

TABLE I
Molecular and Topological Structures of the

CTE and PVDF Granules

Analyzed parameters CTE PVDF

Amorphous region
Tg (8C) 30 217
T‘ (8C) 151 87
a1 (3105 deg21) 10.64 6.11
a2 (3105 deg21) 35.7 24.7
Vf 0.228 0.143
Mgn (31023) 37.2 5.3
Mgw (31023) 55.4 7.9
Ka 1.49 1.49
ua 0.49 0.62

Low-melting crystalline portion
Tm (8C) 194 105

M
cr1

n (31023) 39.8 25.1

M
cr1

w (31023) 39.8 79.4
K0
cr 1 3.16

ak (3105 deg21) 76.9 39.2
ucr 0.19 0.38

High-melting crystalline portion
T0

m (8C) 220 –

M
cr2

n (31023) 100.0 –

M
cr2

w (31023) 100.0 –
K00
cr 1 –

a0
k (3105 deg21) 109.4 –

ucr 0.32 –
Tf (8C) 252 135

Values averaged between regionsa
bMw (31023) 43.3 35.1

aAveraging was performed using weight fractions of the
regions and respective Mwi

magnitudes.
bThe averaged weight molecular mass (Mw) calculated for

the polyblock state of the polymers is not a true absolute
value. The reason for this is that several different crystal
modifications of macromolecular chains occur in the poly-
block state. The Mw calculated in the polyblock state can
be used to analyze the topological structure of the macro-
molecules. However the absolute value of the Mw can only
be calculated for a polymer having a monoblock topological
structure. The Mw obtained in the perpendicular analysis is
closer to the actual value and it will be presented below.
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their one-dimensional compression under optimized
pressure [Fig. 3(b,c,e)]. In this case amorphous-crys-
tal polymers lose their isotropic structures transform-
ing into anisotropic ones. Because of structural
changes in the polymers both the degree of crystal-
linity and the orientation of the crystals are changed.
Some parts of the crystals become oriented perpen-
dicular to the compression pressure vector. Thus, the
vector of the compression pressure and the vector of
loading during the release of the polymer deforma-
tion in the thermoanalyzer can be in the same plane
(coaxial analysis) or in perpendicular planes, viz. in
machine direction or parallel to stress and transverse
direction or perpendicular to stress. The ratio of the
degree of crystallinity (ucrk=ucr?) determined by
these two methods may be considered as a measure
of structural anisotropy.

Figure 3(b) shows the TMC of the CTE copolymer
measured in the temperature range from 2100 to
2508C. It is characteristic of polyblock amorphous-
crystal polymer coaxially oriented containing one
amorphous and two crystal blocks. Parameters of
their topological structures are listed in Table II.

Molecular flow of the high melting crystalline por-
tion of the chain segments between junctions of the
copolymer (curve OT) in general begins at Tf 5
2018C.

Figure 3(c) shows the TMS structure which is
characteristic of copolymer CTE. It is measured
between 100 and 2508C with perpendicular orienta-
tion of the vectors. The plot indicates a semiamor-
phous topological structure. No anisotropy was
detected.

Molecular and topological characteristics of the
perpendicularly oriented copolymer are listed in Ta-
ble III. Curves of MMD of the chain segments

between junctions in a pseudonetwork of amorphous
region, high-melting crystalline portion, low-temper-
ature and high-temperature amorphous regions of
CTE in coaxial and perpendicular orientation of vec-
tors are presented in Figure 4.

The difference in average weight MM of blocks
(Mw) in the coaxial (Table II) and perpendicular ori-
entations (Table III) can be explained by the fact that
several crossings of different crystal modifications by
macromolecular chains occur in the coaxial orienta-
tion. Therefore, the Mw obtained in the perpendicu-
lar analysis is closer to the actual value. Molecular
flow of the polymer starts at Tf 5 1998C.

Molecular topological structure of PVDF measured
from 2100 to 1508C and with coaxial orientation of
the vectors is shown in Figure 3(e) and Table II. It is
characteristic of a three-block linear polymer which
is completely crystallized in the range 2100 to 358C
(line AB) and has a1 5 7.8 3 1025 deg21. At T 5
358C the low-melting crystal modification (Table II)
begins to melt at the rate ak 5 60.6 3 1025 deg21.
The MM of the macromolecular fragments is propor-
tional to DT 5 Tg 2 Tf; their weight fraction (uk) is
proportional to Hk and equals 0.47. Intermediate and
high-melting crystal modifications start to melt at
the temperatures C (T0

m 5 64.58C and a0
k 5 60.0 3

1025 deg21) and D (T00
m 5 1068C and a00

k 5 56.0 3
1025 deg21), respectively. The MM of chains of the
high-melting modification (Table II) is calculated
assuming a linear polymer; Melting begins at Tf 5
1298C.

At perpendicular orientation of the vectors, TMS
of the copolymer PVDF indicates a completely amor-
phous diblock structure (Table III). The average MM,
769.1 3 103, is not identical to that obtained by
coaxial analysis. The topographic structure of copoly-

Figure 4 Molecular mass distributions of the chain seg-
ments between junctions in a pseudonetwork of amor-
phous region (a), fragments in high-melting crystalline
portion (b), low-temperature amorphous region (c), high-
temperature amorphous region (d) of CTE in coaxial (a,b)
and perpendicular (c,d) orientation of vectors.

TABLE III
Molecular and Topological Structures of the

Perpendicularly Oriented Powder of CTE and PVDF

Analyzed parameter CTE PVDF

Low-temperature amorphous region
Tg (8C) 73 37
a1 (3105 deg21) 4.26 6.54
a2 (3105 deg21) 15.3 23.5
Vf 0.114 0.158
Ka 5.3 1.33
ua 1.0 0.69
Mgn (31023) 352.2 14.3
Mgw (31023) 1871.2 19.5

High-temperature amorphous region
T0
g (8C) – 56
K0
a – 1.52

u0
a – 0.31

Mgn (31023) – 1,603.5
Mgw (31023) – 2,437.3
Tf (8C) 199 122

Values averaged between regions
Mw (31023) 1871.2 769.1
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mer PVDF as well as the structures of CTE formed
upon compression of powders is absolutely aniso-
tropic.

CONCLUSIONS

Topological structures of CTE and PVDF fluoropoly-
mers (granules or powders) were studied by the
method of thermomechanical analysis. They exhibit
a wide spectrum of similar parameters characteristic
of the degree of interchain interactions (coefficients
of linear thermal expansion, free volume, topological
structure). Observable changes were found at the
temperatures of the polymer conversion into the
glassy, highly elastic, or viscous-flow states. Fluoro-
polymers PVDF and CTE have different relaxation
transition temperatures. The MM is the most impor-
tant parameter among PVDF and CTE characteris-
tics. The MM along with the chemical structure of
the chains defines the polymeric physical, chemical,
and mechanical properties. Analysis of the results
demonstrates that the CTE copolymer has a higher
MM than PVDF. It is known that the rate of fluorina-
tion strongly depends on the coefficient of fluorine
diffusion into the polymer matrix. Therefore, we
suggest that the topological structures of PVDF and
CTE greatly affect the low-temperature fluorination.
These two polymers have similar topological compo-
sitions in both granules and powders but different
MM and temperatures of phase transitions.

NOMENCLATURE

TMC thermomechanical curve
a1, a2 coefficients of linear thermal

expansion in the glassy and
the high-elasticity state

ak, a
0
k, a

00
k coefficients of linear thermal

expansion at fusion of low-
melting, intermediate, and
high-melting crystal modifi-
cations

Tg temperature of glassy transi-
tions of the amorphous block

Tcl temperature of glassy transi-
tions of the cluster

Tm, T
0
m, T

00
m fusion temperatures beginning

of low-melting, intermediate,
and high-melting crystal
modifications

Tf temperature at the beginning
of molecular flow

T‘ beginning temperature of an
equilibrium state of a grid (a
high-elasticity plateau)

Vf free geometrical volume

Mgn , Mgw average numerical and aver-
age weight molecular mass
in pseudonetwork structure
of the amorphous block

M
cr1

n , M
cr1

w ,M
cr2

n ,M
cr2

w molecular mass in low-melting,
and high-melting crystalline
modifications

Mw average weight molecular
mass of blocks

K factor of polydispersity
ua, ucr, u0

cr, u00
cr weight fractions of the amor-

phous block, low-melting, in-
termediate, and high-melting
crystalline modifications
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