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Abstract. We studied the application of a mathematical model for calculating the X-ray
density of a pure amorphous—crystalline polymer, taking into account the degree of ordering,
crystallinity and deformation of a crystalline cell in the amorphous phase, to carbon—fiber PTFE—
composites. By comparing the theoretical densities (based on the developed software) of
PTFE+CF—composites system with the results of experimental densities and X-ray structural
parameters, it was shown that the degree of ordering and density of the amorphous phase of the
polymer—matrix PTFE—composites linearly decrease as the content of the carbon—fiber increases.
The change in the degree of ordering of the amorphous phase when filler application can be
considered as one of the mechanisms of formation of supramolecular structure of composite
materials on the basis of amorphous—crystalline polymers.

Annomayus. W3ydaercs NPUMEHEHHE MAaTEMAaTU4ECKOW MOJEJIM pacyeTa pPEHTTCHOBCKOM
IUIOTHOCTH  YHUCTOTO  aMOP(QHO—KPUCTAIJIMYECKOTO  TMOJMMEpa,  YYMUTHIBAIOLIEH  CTENeHH
YIOPSAAOUYEHUSI, KPUCTAIUIMYHOCTH U Ae(POPMALIMIO KPUCTANINYECKON sTUelku B amop¢HOil dase, k
KOMITIO3ULIMOHHBIM Marepuanam [ITDD ¢ ymiepogusiM  BosiokHOM. Ilyrem comocraBneHus
MOJIyYEHHBIX C TPUMEHEHHEM pPa3pabOTaHHBIX KOMIBIOTEPHBIX IPOrPaMM TEOPETUUYECKUX
IUIOTHOCTEN KOMITO3UTOB cucTeMbl [ITO®D+VYB ¢ pesynsraramu 3KCIepUMEHTANIBHBIX IIJIOTHOCTEN 1
pEeHTreHorpaMueckuX CTPYKTYPHBIX I[apaMeTpOB II0KAa3aHO, 4YTO CTEHEHb YIOPSIOYEHUs U
IUIOTHOCTh aMOp(HOHN (a3bl momumepHOi MaTpuilbl KomMno3uToB I1TOD nuHeHO yMeHbIIalTCs
IIPU  BO3PACTAaHUM COJCPKAHMS YIVIEPOAHOTO BOJOKHA. l3MEHEHHE CTENEeHM YHOPSAIOYCHHUS
amMopdHOil (a3pl NpU BHECEHWH HAMOJHUTENS MOXHO CUYUTAaTh OJHUM M3 MEXaHU3MOB
dbopMupOBaHUs HAAMOJIEKYISIPHOW CTPYKTYpbl KOMIIO3MIIMOHHBIX MAaTepUajioB Ha OCHOBE
aMOP(PHO—KPUCTAIITMYECKUX ITOTUMEPOB.
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A priori it is considered that the supramolecular structure of the amorphous-crystalline
polymers, prominent example of which is polytetrafluoroethylene (PTFE), consists of two phases:
crystalline and amorphous, the boundaries between which filled the so-called interphase layer. In
large objects (crystalites, fibrils, spherulites) of crystalline phase usually observed an the ideal
crystal lattice, constructed of ideal elementary cells. The amorphous phase is represented by smaller
crystal formations from polymer macromolecules in the form of globules, packets, domains or
clusters [1-3]. Determining the mass fractions of the phases is a greatly difficult task.

For the theoretical calculation of the polymer—matrix density py, in the two—phase model of
amorphous—crystalline polymers, the following formula is used [3]:

Pm = XPer + (1 — X)Pam (h
where:
perand pam  — density of crystalline and amorphous phases, respectively;
X — degree of the polymer crystallinity.

In the presence of the parameters values of the crystal cell, the value of p. can be easily
calculated from the formula [13]:

M

Per = NaVer (2)
where:
M — polymer molar mass;
Na  — Avogadro’s number;
Vo — volume of the ideal crystalline cell, defined by its crystal structure (syngony).

The question concerning the theoretical calculation of the size of the frames remains open. In
addition, it is complicated by the fact that in the modern view of the structure of amorphous-
crystalline polymers is more complex than described above. The proof of this is the emergence in
the last decade of experimental work [4-6]. The results of which can assume the presence in the
structure of the PTFE of the three phases: crystal and amorphous two phases, one of which has
some degree of ordering.

For many years engaged in the study of the structure and properties of composite materials
based on amorphous-crystalline PTFE radiographic method, the author of this work is also of the
view that the presence of portions of the amorphous halo in the diffraction patterns of pure PTFE
and carbon-fiber PTFE suggests that the amorphous phase of the polymer is characteristic of a
partial ordering. We therefore propose the following formula to calculate the density pam of the
amorphous phase of the polymer frames [7]:

pam = apaml + (1_ U“)pamz ? (3)
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where pam1 — density crystalline formations conventionally ordered part of the amorphous
phase with deformed crystal lattice, and p,m» — density disordered part, which is generally not
characterized by the presence of the crystal lattice. The degree of ordering of a characterizes the
ratio between the volumes of these parts. The separation of the concepts of perfect and deformed
crystal cells enables calculation of the density of probation ordered parts p,m; by the formula similar
to (2):

M
NA'Vam,

(4)

Pam1 =

where V,, — the average volume of the deformed crystal cell of a polymer in a conventionally
ordered amorphous phase. As a result, for calculation of X-ray density of the matrix amorphous-
crystalline polymer, depending on the degree of ordering of the amorphous phase and the
crystallinity of the polymer-matrix provides a formula:

Pm = XPcr + (1 = X)Pam1 + (1 — ) (1 — X)Pamz- (%)

The basis of the theoretical calculation formula (5) is the presence of X-ray amorphous-
crystalline polymer, which defines the basic quantities characterizing the structure of the polymer-
matrix: the parameters of the crystal cell — a, b, c; average interlayer distance in the amorphous
phase — C,n; the degree of deformation of the crystal lattice is — €; the degree of crystallinity — . In
[7] presents all justification for the mathematical model described by equation (5), a computer
program for calculating the density of p,— in [8]. The analysis of theoretical dependences of py, =
f(a), pm = (%), pm = f(Cam) for pure PTFE, for which the ordering degree of the amorphous phase
was equal to a = 0.5 relative precision of 5% carried out in [9, 10]. The formula (5) can be applied
to calculate the density of the composites based on amorphous-crystalline polymers.

The aim of this work is to study the effect of fibrous filler on the degree of ordering of the
amorphous phase in the compositions of carbon-fiber PTFE. Calculations of the values of a are
inverse solution of the formula (5), knowledge of the values of the X-ray structural parameters
determined from conventional radiographs of the composite, the experimental values of density of
the composites systems PTFE+CF and using computer programs.

Material and methods

The objects of study are composite materials based on carbon-fiber PTFE. The methods of
obtaining samples of pure PTFE and carbon-fiber PTFE are described in detail in the monographs
written under the General supervision of Professor, Ph. D., Mashkov Yu. K. [1, 2, etc.]. The content
of hydrocarbons in the samples varied from 3 to 30 wt. % Values of the experimental densities of
the composites of the system of PTFE+CF obtained by hydrostatic weighing, are given in [12]. The
experimental carbon-fiber density pcp=1.70 g/cm3.

The composites density of the PTFE+CF system can be calculated based on the formula:
Pc =N1Pm + N2 " Pcr, (6)

where n; and n; — are the weight fraction of PTFE and CF, p,, and pcr — density composite
polymer-matrix and carbon-fiber density, respectively. When calculating the density of the
composite p. by the formula (6) density matrix p,, should be calculated according to the formula
(5). The solution of the inverse problem of the formulas (2—6) the degree of ordering of o in its final
form is defined as:

pK = nlpM + ny: p(;p’ (6)
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Processing of radiographs, obtained at an X-ray diffractometer DRON-3 in shooting mode at
high angles, and calculation of the parameters characterizing the structure of the samples (i.e. values
% » Cam, € and the constant of hexagonal crystalline cells) and the calculation of densities of py, Pami
and p,m; details are given in [7, §8].

The software is implemented in the computer algebra system Wolfram Mathematica, which
finds wide application in computer, mathematical, engineering, scientific fields. The program
includes three independent unit.

First block: data input.

The user is presented a form where you must enter the original data.

Text["Enter the data"];

|TexeT
YV = 30; Text ["Carbon fiber,%"];
[TekcT
Cam=1.53; Text["Average interlayer distance,mm"];
[TexcT
e=8.93; Text ["Degree of deformation of the crystal lattice,%"];
[TexcT
X =58; Text["Degree of crystallinity,%"];
[TekeT
Pkomp = 1.65; Text["The experimental value of the density of the composite,g/m*3"];
|TekeT

Second block: the calculation data.

Text["Calculation of results"];

|TexeT
Pkomp - w-l—-":;
Pn= —————; Text["The density of the matrix,the density of PTFE"];
1- oo [rekct
Pm - 2.1609;!
Pam = ———; Text [ "Amorphous phase density"];
1- o |TexcT
0.75 )
Paml = ; Text["The density of an ordered amorphous phase"];

6.02 % 107 4 0.866 % 0.564% » 1,65 10724 |Teket

e
Pam2 = — % 2.69; Text["The density of a disordered amorphous phase"];
|TekeT

Pam - Pam2
a = ———; Text["Degree of ordering"];
Paml - Pam2 LTEKCT

The third block: the output data obtained in block 2.
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Text["Output of results"];
|TexcT

reB = List[{upmlnf "Pm “, “Pam“.f “Pm“' “G“}, {PEIIJ.]., Pamz’ Pam' Pm' a}] // TEblEFDm
|cnucok |TabnuyHan g

Pam1 Pamz Pam Pn o

2.74097 0.240217 0.162789 1.62857 -0.0309618

Results and discussions
Scattering curves of carbon-fiber PTFE composites is given in [1], determined from
radiographs of the parameters, characterizing the structure of the polymer-matrix PTFE composite,
presented in Table.

Table.
X-RAY DIFFRACTION DATA AND DENSITIES OF THE PTFE+CF COMPOSITES PHASES
% CF Cu, nM g % x %o Der g/cm3 Paml DPams DPms o
g/em’ glem’ glem’

0 1.65 1.79 53 2.20 2.74 1.65 2.20 0.60

3 1.65 1.79 58 2.18 2.74 1.51 2.20 0.54

7 1.53 8.93 63 2.17 2.96 1.38 2.20 0.45

10 1.54 8.93 64 2.10 2.94 1.17 2.14 0.38

15 1.53 8.93 64 2.00 2.96 0.92 2.05 0.25

20 1.53 8.93 60 1.87 2.96 0.75 1.91 0.19
30 1.53 8.93 58 1.65 2.96 0.16 1.63 -
Column 1 2 3 4 5 6 7 8

With the introduction of the filler parameters of the crystal cell and its volume practically
does not change within the error correspond to the values for pure PTFE (a = 0.564 nm, C = 1.68
nm, Vip = 0.472 nm’).

The different behavior of the structural parameters C,y, and y of the amorphous phase of the
polymer-matrix to the authors of works [1, 11] allowed to Express an opinion on the existence of
the composites are quite different structures of the polymer-matrix: the minor (up to 10 masses. %)
the content of hydrocarbons in it there is a structure of type I and high (more than 15 masses. %) the
content of the carbon-fiber structure of the type II.

Compare the above comments on structural types of the PTFE+CF system composites with
estimated densities of all phases. Compare the above comments on structural types of the PTFE+CF
system composites with the estimated densities of the phases. For all compositions, the density of
the crystalline phase think almost the same and equal to pe: = 2,69 g/em’.

Completely different CF affects the density of the amorphous phase. The transition of the
structural type matrix composites from type I to type Il is characterized by an abrupt increase in the
relative deformation ¢ of the crystal cell in a relatively orderly part of the amorphous phase of the
matrix about 5 times. This leads to the same increase of density of the disordered part of the
amorphous phase of the matrix from the values pum2 = 0,048 g/cm’ in structural class I, to the values
of 0.24 g/cm’ in structural class II. In addition, under the same conditions, a decrease in the average
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interlayer distances C,, leads to a small increase in the density pam1 conditionally orderly part of
the amorphous phase of PTFE is only 7.7%. Total influence of changes of these values with
increasing content of hydrocarbons leads to a systematic linear decrease in the density of the
amorphous phase frames (Table, Column 6) in the whole range of studied concentrations of
hydrocarbons.

The density of the polymer matrix of p, composites is almost constant in the region of
existence of the structural organization of type I, and in the structural organization of type II,
starting with concentrations of 10 wt. % CF, the density p,, as well as the density of the composites
p. decreases with increasing content of hydrocarbons already due to the large content of the fibrous
filler, the density of which is much less than the density of PTFE (Table, Column 7).

With regard to the degree of order a, then it is, regardless of the types of structural
organizations decreases linearly from its maximum value oy, = 0.60, characterizing of pure PTFE,
to almost zero (Figure).

(@ §

o
YB, macc. %

Figure. The concentration dependence of the degree of ordering of the amorphous phase of the matrix in the
PTFE+CF composites system

Thus, the fibrous filler in the amorphous and crystalline polymer contributes at high
concentrations of filler disordering of the amorphous polymer-matrix and its transition in two-
phase state with fully disordered amorphous phase.

Conclusions

1. The degree of ordering of the amorphous phase of the supramolecular structure of the
polymer-matrix of pure PTFE is equal to 0.6.

2. The increase in the content of the fibrous filler resulted in a linear decrease in the degree of
alignment and density of the amorphous phase of the matrix of the composites regardless of the type
of structural organization of the polymer-matrix.

3. Complete loss of ordering of the amorphous phase observed in the compositions with a
high content of fibrous filler (more than 25 mass. %) is likely related to the amorphous phase of
crystalline formations of PTFE macromolecules.
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4. The change in the degree of ordering of the amorphous phase while making filler can be
considered as one of the mechanisms of formation of supramolecular structure of composite
materials on the basis of amorphous-crystalline polymers.

Special thanks and appreciation to Professor O. V. Kropotin for providing the experimental of
PTFE+CF composites systems density.
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