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Abstract—An analysis of the diffraction patterns of powdered polytetrafluoroethylene (PTFE) y-irradiated at
room temperature in a nitrogen atmosphere to doses of 10—500 kGy with a fluence of 1.50 *+ 0.3 Gy/s has
shown that the diffraction peak 100 of the crystalline phase at 26 ~ 18° and the halo at 26 = 10°—25° are most
sensitive to ionizing radiation. It is found that the intensity, FWHM, and position of the maximum of reflec-
tion 100 change with an increase in the absorbed dose; this fact is indicative of the doublet nature of the peak
profile. It is established that the doublet components differently response to ionizing radiation. The interpla-
nar spacings, amplitude and sign of arising stress, and the degree of crystallinity (DOC) of polymer are cal-
culated as functions of the irradiation dose. The radiation-induced change in the DOC of PTFE should be
considered as a complex process, which includes radiative destruction and topochemical reactions of differ-

ent types in crystals.

DOI: 10.1134/S1063774519040205

INTRODUCTION

The radiolysis of amorphous—crystalline poly-
mers, including a polymer of practical importance—
polytetrafluoroethylene (PTFE) [1], may often cause
changes in the degree of crystallinity (DOC) [2]. Crys-
tallites can be grown under PTFE irradiation accord-
ing to different mechanisms, which are accompanied
by the formation of extended defects (dislocations,
microcracks, pores) [3—5]; during the PTFE radioly-
sis these defects may affect the formation of active
centers (ions, radicals), destruction and cross-linking
of macromolecules, and radiative gas release [6].
Therefore, the studies aimed at analyzing the radio-
Iytic changes in the PTFE structure, which may
directly affect the radiation-induced chemical pro-
cesses in the polymer, are of particular importance.

In this paper, we report the results of studying the
regularities and mechanisms of radiation-induced
changes in the crystalline and amorphous phases in
v-irradiated powdered PTFE.

EXPERIMENTAL

The objects of study were samples of powdered
PTFE Ph4-D (GOST (State Standard) 14906-77).
Weights of powdered PTFE (up to 10 g in mass) were
placed in polyethylene packets and irradiated by vy
quanta (°°Co) in a nitrogen flow at room temperature

on the radioisotope system RKhM-y-20 (Mendeleev
University of Chemical Technology, Moscow) to
doses of 10—500 kGy with a fluence of 1.5 = 0.3 Gy/s.

The phase composition and crystal structure
parameters of powdered PTFE were investigated at
room temperature by X-ray diffraction (XRD) using a
DRON-3M diffractometer (Cuk, radiation with a
characteristic wavelength of 1.5406 A, diffraction
angle scanning range 0 = 5°-80°, scanning step
0.05°—0.02°, exposure 1—20 s). The contents of the
amorphous (X,) and crystalline (X.,) phases were
determined from the formula [7]

X182 (1)
Xa 4,

where A, and A, are, respectively, the areas under the
peaks and amorphous halos observed in PTFE dif-
fraction patterns and 1.8 is the Ruland factor [7]. The
DOC value for PTFE was calculated using the relation

X, [%] =100 —100/(1 + X./X,). )

At 19—30°C the repeating unit of the PTFE main
chain is a slightly untwisted spiral, consisting of 7 turns
and 15 CF, groups, which form a hexagonal packing
with lattice constants @ = 5.65 A and ¢ = 19.50 A,
sp. gr. Pémm [1, 2, 8]. Therefore, when indexing
PTFE diffraction patterns, the quadratic forms for
each peak in the diffraction pattern were calculated
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Fig. 1. X-ray diffraction patterns of powdered PTFE,
v-irradiated to doses of (a) 10, (b) 50, and (c) 500 kGy.

according to [3—5], using the formula for determining
the Miller indices A4, k, / in the hexagonal system. The
interplanar spacing d,,;; was calculated from the Bragg
formula [3—5]:

Dug - D 3)
n 2sin 0

where 7 is the diffraction peak order; » = 1 within the
kinetic approximation [5]. Then we calculated the
ratio of the quadratic forms of each reflection to
the quadratic form estimated for the first peak of the
diffraction pattern (/) and determined the Miller
indices.

CRYSTALLOGRAPHY REPORTS

The DOC of the initial and irradiated PTFE pow-
ders was also determined by differential scanning cal-
orimetry (DSC). Measurements were performed with
a heat flow calorimeter DSC 204 F1 Phoenix. The
DOC value was found from the formula

DOC = (AHmelt exp/AHmelt eq) X 100%: (4)

where AH,,. o, is the heat of fusion found from the
thermograms and AH, ., ., is the equilibrium heat of
fusion for PTFE with DOC = 100%, which amounted
to 82 kJ/kg [9].

The measurement results were processed using the
instrumental software. The recorded amorphous halos
and crystalline peaks were approximated by Gaussians
and Lorentzians, respectively.

RESULTS AND DISCUSSION

The diffraction patterns of the PTFE powders irra-
diated to doses of 10—500 kGy (Fig. 1) contain identi-
cal sets of peaks (Table 1) and three amorphous halos
in the ranges of 260 = 10°—25° (maximum at 20 =
14.70° £+ 0.09°); 30°—60° (40.34° £+ 0.07°), and 70°—
80° (75.40° £ 0.03°). The nature of these halos may be
related to, respectively, intermolecular, intramolecu-
lar, and interatomic scattering in PTFE [10].

As an example, we will consider the results of
indexing the diffraction pattern of PTFE powder
v-irradiated to a dose of 10 kGy. It is known [3—5] that
the ratio of quadratic forms (or squared interplanar
spacings) for the hexagonal system should not be
obligatory integer. Only in particular cases, for the
(hk0)- or (00/)-type planes, the parameter N is an
integer that can take values N=1, 3,4, 7,9, 12, 13, or
16, which correspond to peaks 1, 4, 5, 8, 9, 10, 11, and
13 in the diffraction patterns (Table 1). Additionally
taking into account that N=1, 4, 9, or 16 for the (00/)
planes, one can identify peaks 1, 5, 9, and 13 as reflec-
tions 100, 200, 300, and 400, respectively.

Further identification on the crystalline peaks in
the diffraction pattern was performed using the data of
[8, 11—13]. As follows from Table 1, the combination
of peaks 110, 200, 107, and 108 indicates that the crys-
talline phase has a hexagonal lattice and that the 15/7
conformation is present for the repeating unit of poly-
mer chain in the PTFE powders under study [8]. The
diffraction patterns of powdered PTFE irradiated to
higher doses were indexed in the same way.

We could not determine the nature of the diffrac-
tion peak at 26 = 21.362° + 0.005°. Note that it was
reported previously [14] about the detection of a dif-
fraction maximum of unknown origin at 20 = 22° in
the diffraction patterns of PTFE subjected to explosive
processing. Possibly, this reflection indicates the exis-
tence of several lattice types in the PTFE powders
under study, which are due to the specific features
of synthesis, aging, and radiative destruction of poly-
mer [15].
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Table 1. Indexing of the diffraction pattern of powdered PTFE y-irradiated to a dose of 10 kGy in air at room temperature

D;gzae‘;tyig“ 20, deg sin® Ay, A (sin 0)2 N h k I
1 18.021 £0.002 |  0.15662 4918 0.02453 0.99997 1 0 0
2 21.362+0.005 | 0.18534 4.156 0.03435 1.40034
3 23.789 + 0.130 0.20611 3.737 0.04248 173187 0 1 3
4 31.542£0.009 |  0.27179 2.834 0.07387 3.01147 1 1 0
5* 36.920 £0.008 |  0.31665 2.433 0.10026 4.08744 2 0 0
6 4.08744 1 0 7
7 41297 +£0.007 | 0.35263 2.184 0.12435 5.06927 1 0 8
8 49.077 +0.034 0.4153 1.855 0.17248 7.03128 2 1 0
9 56176 +0.012 |  0.47083 1.636 0.22168 9.03713 3 0 0

10 65.887 +0.028 | 0.54382 1.416 0.29573 12.05605 2 2 0
1 69.086 +0.025 | 0.56702 1.359 0.32151 13.10694 3 1 0
12 72.650+£0.009 |  0.59236 1300 0.3509 14.30478 0 0 15
13 78221+ 0.0119 |  0.63082 1.221 0.39793 16.22233 4 0 0

* Peak 200 manifests itself in the diffraction pattern as a shoulder of peak 107. The contribution of peak 200 could not be selected when

approximating experimental data because of the high noise level.

It was established that the positions of all diffrac-
tion maxima observed in the diffraction patterns of
PTFE irradiated to doses of 10—500 kGy, except for
the first peak at 20 = 18.021° £ 0.002° and amorphous
halos in the ranges of 10°—25° and 30°—60°, are barely
sensitive to ionizing radiation.

As follows from Fig. 1, peak 100 dominates in the
diffraction patterns of the PTFE y-irradiated to doses
of 10—500 kGy. With an increase in dose, peak 100
becomes weaker and wider, and its maximum shifts to
larger (at doses close to 50 kGy) or smaller (at higher
doses) diffraction angles 26 (Figs. 2a, 2b, 3a).

The radiation-induced change in the profile of
peak 100 may be related to its doublet nature (Fig. 2c).
For the PTFE samples irradiated to doses of 10—
500 kGy, the peak profile can be approximated by two
Lorentzians with maxima in the ranges of 17.87°—
17.93° and 17.97°—18.03°, depending on the dose
absorbed (Fig. 3a). The identical dose dependences of
the diffraction angles 20 for the maxima of the compo-
nents of peak 100 (Fig. 3a) suggest that the compo-
nents at 17.87°—17.93° and 17.97°—18.03° may be due
to the scattering centers that correspond to the hexag-
onal phase but are characterized by different interpla-
nar spacings. Therefore, one can suggest existence of
two types of crystallites in the PTFE studied (which
are referred to below as crystals 1 (Crl) and 2 (Cr2),
respectively).

An analysis of the dose dependence of the Crl and
Cr2 contents in PTFE, which was estimated from the
CRYSTALLOGRAPHY REPORTS
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areas under the Lorentzian peaks (Fig. 3b), revealed a
difference in the Crl and Cr2 sensitivities to ionizing
radiation. In particular, the Crl content increased in
the initial irradiation stage (at doses below 100 kGy)
and started decreasing only when the dose reached
500 kGy (Fig. 3b, curve I). In contrast, the Cr2 con-
tent monotonically decreased in the entire dose range
(Fig. 3b, curve 2). The revealed processes occurred
against the background of total decrease in the
100 reflection intensity.

Then one may suggest that the radiative destruc-
tion of Cr2 occurs over two possible mechanisms:
some part of Cr2 is transformed into Crl, and the
other part is destroyed. The dose dependences of the
contributions of the amorphous halos at 10°—25° and
30°—60° to the diffraction patterns of the PTFE pow-
dersunder study (Fig. 3c; curves 1, 2), which were esti-
mated from the area under the approximating Gauss-
ian peak, are in favor of this suggestion. A tendency to
decrease in the area under the halos was revealed in the
initial irradiation stage (at doses below 50 kGy). How-
ever, a further increase in dose increases the area
under the amorphous halo at 10°-25°, whereas the
area under the halo at 30°—60° barely changes (Fig. 3c).
No significant dose dependence was found for the area
under the halo at 70°—-80°. One may suggest that the
contribution of the halo at 10°—25° increases as a
result of radiative degradation of Cr2. The amorphous
halo at 30°—60° is related to neither Crl nor Cr2, as is
evidenced by its low sensitivity to y radiation.
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Fig. 2. Fragments of X-ray diffraction patterns in the vicin-
ity of peak 100 for y-irradiated powdered PTFE. (a) Irradi-
ation to doses of (/) 10, (2) 50, and (3) 500 kGy.
(b) Changes in the shape of peak 100 after irradiation to
doses of (1) 10 and (2) 500 kGy. (c) Approximation of the
profile of reflection 100 (irradiation to 10 kGy) by two
Lorentzians: (/) experimental data; (2, 3) Crl and Cr2
components, respectively; and (4) calculated profile.

The dose dependences of the change in the inter-
planar spacings in Crl and Cr2, calculated from for-
mula (2), have identical character (Fig. 4a). Therefore,
lattice “compression” and decrease in interplanar
spacing occur in both Crl and Cr2 in the initial irradi-
ation stage. However, at doses above 50 kGy the radi-
ation-induced deformation of Crl and Cr2 changes
towards an increase in the interplanar spacing; i.e., the
lattice “expands.”

Let us estimate the amplitude of the radiation-
induced stress in PTFE [16] from the formula

_FE
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%
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Fig. 3. Dose dependences of the (a) peak positions and
(b) areas under the (/) Crl and (2) Cr2 components of the
doublet line 100 and (c) amorphous halos at 26 = (/) 10°—
25° and (2) 30°—60° in the diffraction patterns of y-irradi-
ated powdered PTFE.

where ¢ is the amplitude of the arising stress [MPa];
F'is Young’s modulus (£ = 660 MPa for PTFE [17]);
v is the Poisson ratio (0.4—0.45 in the case of PTFE
[18]); d, [A] are the initial interplanar spacings in Crl
and Cr2, which were assumed to be equal to those for
the PTFE irradiated to a dose 10 kGy (Fig. 4a); and
Ad = |d — d,| [A] is the change in the interplanar spac-
ing for the PTFE samples irradiated to doses above
10 kGy.

The dose dependences of the stresses developing in
Crl and Cr2 under ionizing radiation are almost iden-
tical (Fig. 4b, curves 1, 2). Noteworthy is the change in
the sign of radiation-induced stress occurring in the
dose range of 50—100 kGy. It may indicate onset of
crack formation and destruction of crystals of both
types. Further increase in the irradiation dose is
accompanied by a rise in the tensile stress, which stim-
ulates even more the processes of radiative degrada-
Vol. 64
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Fig. 4. Dose dependences of the (a) interplanar spacing
and (b) amplitude of radiation-induced stress in y-irradi-
ated powdered PTFE.

tion of Cr1 and Cr2. It is likely that the ultimate tensile
strength for Cr2 is lower than for Crl, as a result of
which Cr2 is more intensively destroyed during irradi-
ation. The occurrence of a topochemical reaction of
Cr2 transformation into Cr1 in only the initial stage of
PTFE radiolysis (Fig. 3b) may indicate the existence
of certain conditions necessary for implementing this
process, which can be related to the polymer chain
length [1, 2].

DSC measurements revealed a significant increase
in the DOC of powdered PTFE in the initial stage of
vyirradiation: DOC = 34% in the unirradiated PTFE,

Table 2. DOC:s of y-irradiated powdered PTFE, calculated
based on DSC and XRD data, for different absorbed doses

DOSC, kGy DOCDSC’ % DOCXRD’ %
0 34.0 —
10 62.82 81.46
50 80.62 81.69
100 79.0 83.20
200 79.0 85.54
500 77.81 86.73
1000 79.78
CRYSTALLOGRAPHY REPORTS Vol.64 No.4
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whereas the DOC in the PTFE samples irradiated to
50 kGy increased to 80.6% and only slightly decreased
in the dose range of 100—500 kGy. This change in
DOC with a change in the irradiation dose is consis-
tent with the data of [1]. However, an inconsistency
between the DSC and XRD estimates of radiation-
induced change in DOC was previously noted in [6].

It was found that the best agreement between the
DOC estimates by both methods can be obtained by
evaluating the ratio of the sum of areas under the peaks
corresponding to Crl and Cr2 and the halo at 10°—25°
to the area under the halo at 30°—60° using for-
mulas (1) and (2) (Table 2). Hence, the nature of the
halo at 10°—25° is related to the scattering from frag-
ments of destructured Crl and Cr2, which are likely
localized at the interface between the amorphous and
crystalline PTFE phases.

CONCLUSIONS

It was found that the radiation-induced change in
the PTFE crystallinity is a complex phenomenon,
caused by the destruction processes and topochemical
reactions. The morphology of polymer crystals, which
is determined by the PTFE synthesis conditions, may
play an important role in these processes [1]. The for-
mation of radiation-induced stresses during PTFE
irradiation was revealed for the first time, and their
role in the radiolytic transformations of the crystalline
PTFE phase was demonstrated. Note that the consid-
eration of the specific features of PTFE radiolysis
found in this study allows one to obtain XRD estimates
of the PTFE DOC comparable with the DSC data on
the same samples.

The results of studying the morphology of crystals
in powdered PTFE by transmission electron micros-
copy and full-profile analysis of peak 100 [5] will be
reported in the next papers.
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