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Radiation-modified polytetrafluoroethylene (PTFE), which exhibits intense fluorescence in the visible spectrd
region, was prepared. Radiation modification was performed with ®Co rays at 330 C, a a dose of 0.2 MGy. The
mechanical properties, fluorescence and e ectronic absorption spectra of film and block PTFE specimens irradiated

under the given conditions were studied.
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The problems of modification of PTFE [1, 2] and
other polymers by radiation treatment in melting state
were studied by a number of researchers. Some abnormal
phenomena related to the changes in macroscopic
properties of PTFE after irradiation under vacuum at the
temperature higher, than PTFE melting point, as well as
in the presence of molecular oxygen have been found [3].
In the works [4], was established that irradiation of PTFE
under such conditions leads to an increase in the modulus
of eadticity, yield strength and resistance to radiation
compared to the original material. Recently, it was found
that subjected to y-irradiation PTFE near the melting
point possesses color and fluorescence [5 - 8].

The aims of the resent work appear asfollows:

— toinvegtigate the effect of irradiation conditions
on some mechanical properties of the modified PTFE.

— to clear up reationship between fluorescence
properties, coloring, and absorbed doses of g-irradiation;

— to characterize the distribution of the formed
optical centers over the bulk of the sample (only for
block samples);

— to give a gspectral characterization of the
absorbance and fluorescence of that centers.

|. Experimental

The industrial standard PTFE (F-4 EO), density
r = 2,20 g/em®, molecular weight: M = (5410)410°, was
used in our experiments as a base material for specimens
preparation. The samples of thin polymer films
20" 20 mm with thickness 100 um and polymer blocks

50" 20" 20 mm sizes was analyzed.

It is known, that the presence of oxygen admixture
has a substantial effect on aradiation-chemical processes
in polymers, and especially this influence is pronounced
in PTFE. In order to estimate the effect of presence of
oxygen at irradiation procedure on resulted product, a
series of film samples with different oxygen content was
prepared. Initially, for eimination of molecular oxygen
impurities that originally was entrapped in the bulk of
specimens, the films (samples 1 —4) were (additionally)
outgassed at ambient temperature in a vacuum Pirex
capsules (VPC) with residual pressure (10° mm Hg for 2
hours). Then atmospheric purified air was admitted to the
VPC with samples 2, 3 and 4 at pressure 10*, 1 and
100 mm Hg, respectivdy with subsequent VPC
encapsulation. To have lowest possible concentration of
molecular oxygen in the film specimen, the sample 5 was
outgassed in VPC at 380°C under dynamic vacuum with
resdual pressure 10°mm Hg for 2 hours and
immediately encapsul ated.

Irradiation of encapsulated film and not treated block
of PTFE specimenswas carried out by y-rays from a®Co
source in temperature sabilized chamber at 330°C.
Before the irradiation procedure, the vacuum chamber
was filled with argon gas at atmospheric pressure where
water vapour and molecular oxygen were controlled
within limits of 0.0003 and 0.0002 %, respectively. The
absorbed dose rate was 0.01 MGy/h. The film specimens
was irradiated with doses 0.2M Gy and the block samples
B20, B40, B60, B80. B100 - with doses 0.2, 0.4, 0.6, 0.8,
1.0 MGy, respectively.

Tensiletest was carried out at room temperature, and
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the stressdtrains (SS) curves for the dumb-bell
specimens were recorded with a cross head speed of
20mm/min. The vyidd drength, tensile strength,
elongation at break, and modulus were obtained from the
SS curves.

A Perkin-Elmer LS-5 fluorescence spectrometer was
employed for the emission and excitation spectra
collection at ambient temperature. Absorption spectra
were recorded using Lambda-9 spectrophotometer. The
resolution of the sub-bands present in complex spectral
profiles was achieved using the "Curvefit” utility of
OPUS 5.0 software (Bruker Optic Gmbh). A Gaussian
shape was adopted for the components, and the fit was
optimized with alocal least squared method.

1. Results and discussion

Figure 1 shows the stress-strain (S-S) curves of
PTFE (thickness 3 mm) after irradiation up to 20 MRad
under vacuum at 330 °C. Both elongation a break and
tensile strength do not decrease so much for these
irradiation doses.

The big changes in the mechanical properties of
PTFE are due to chain scission by irradiation, so the
experimental results indicate that the probability of chain
scission increases with irradiation under the temperature
bel ow the melting temperature. Above 350 °C. the chain
scission is much accelerated, which may be accompanied
by the thermal depolymerization of PTFE. At around
340 °C the radiation induced chemical reactions are
changed very much, where the chain scission is much
reduced or the other reactions, such as crosslinking, may
proceed with the irradiation.

Dose dependence at 330 °C has been investigated.
Yield strength, where the stress at the knee point of S-S
curve at the strain about 5% in Fig. 1, increases with
dose. The modulus, which is determined from the slope
of initial line in the S-S curve, increases with dose as
well. The increase in both yield strength and modulus
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indicates the formation of network structure in PTFE,
that is, the crosslinks between the molecular chains.

Thus the changes of mechanical properties of PTFE
irradiated at around 330°C in the molten state are
completely different from those of PTFE irradiated
below the melting temperature. The changes and the
behavior in the molten state strongly suggest the network
formation by the radiation induced crosdinking in PTFE.
Especially, increase in yidd strength and in modulus
indicates the increase of network density in PTFE
molecules. Generally, it is accepted that these values
increase with increasing crossinking density for liner
polymers. The crosdinking between PTFE polymer
chains should prevent the crystallization of the molecules
from the molten state.

Luminescence and coloring. Film samples.
Radiation modification of film specimens a a
temperature of 330 °C and a dose of 0.2 MGy leads to
visually observed changes. Some films acquire a color
ranging from light gray (sample 1,5) to light brown
(samples 2, 3). Films 4 are colorless. When exposed to
UV light at a wavelength of 365 nm, films 1-3 exhibit
bright light yellow fluorescence, which iswell detectable
visudly; films 4, 5 display very weak emission. The
appearance of color and fluorescence properties for
radiation-modified PTFE indicates the formation of
polymer-chain segments containing a conjugated p-bond
system.

The effect of colour and fluorescence appearance in
modified films is apparently due to the traces of
molecular oxygen dissolved in the bulk of polymer. The
similar effect was observed when PTFE was treated by
atomic oxygen [9]. The samples 1 - 3 outgassed at r.t.
that originally contained dissolved in polymer oxygen
demonstrate very intense fluorescence. The increase
oxygen concentration at increase of air pressure up to
100 mm Hg (sample 4) result in it significant quenching
and loss of colours. On the other hand the samples with
low concentration of oxygen (samples 5 outgassed at
high temperature) also show quite low fluorescence and
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Fig. 1. Stress—strain curves for PTFE films: (d) an unirradiated sample, (a,c) samples subjected to el ectron-beam
irradiation in vacuum at 340 °C and doses of 0.2 (¢) and 1 (a) MGy [4] and (b)- ¢ irradiation in vacuum at 330 °C
and doses of 0.2 MGy (thickness 3 mm).
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pale colors. Thus, presence of dissolved oxygen tracesin
polymer and irradiation under vacuum with residua
pressure 10 - 1 mm Hg contributed to such radiation-
chemical process where formation and accumulation of
fluorescent fragments with p-conjugated bounds comes
out.

The synchronous scan fluorescence spectrum (SSF)
was recorded on the | & scale. The spectra of Figure2
correspond to the highly fluorescent Sample 3. It clear
that up to four types of highly fluorescent optical centers
(OC) can be formed. To three of them corresponds peaks
at wavelengths 350, 400 and 470 nanometers, and the
fourth appeared to be a shoulder at 520nm. The
absorbance range of such OC can be established
analyzing excitation spectrum. The three local pesks at
wavelengths 340nm, 390nm, and 460nm in the
excitation spectra apparently due to the presence of three
types of OC to which in SSF correspond short-wave
range. Moreover, OC with long-wave range absorbance
that should correspond to the shoulder a 520 nm of SSF
spectrum in it excitation spectrum can not be detected, by
contrast the absorbance band position can be derived
from SSF. Taking into account that the scanning
spectrum was recorded with adjustment of 20 nm
(Dl =1 el 1) it is possible to assume that the maximum
absorption of this center should be around 500 nm.

Fluorescence spectrum of the irradiated samplesis a
broad spectral curve with one or two wide maxima,
position of which strongly depends on wavelength of
excitation (fig. 2). It aso confirms quite complex band,
i.e. presence not only single OC but several of them.

Absorption spectra of films represent the curves
which ordinates steadily decrease in intensity by
wavelength increasing. Absences of obvious peaks on
broad spectral curves indicate that number of the OC of
absorption is much more in quantity then number of OC

producing fluorescence. Significant part of OC can
behave introducing or less fluoresces, or it absence at all.

Block samples. Originally, before exposure to the
irradiation, block PTFE samples at day light had a white
color, and opposite dark at UV light i.e. do not produce
visible fluorescence. After irradiation, the samples
getting yellow color and exhibit fluorescent properties, as
observed visually upon UV illumination. Surface color of
polymers changes with radiation doses increase, starting
from light gray (sample B 20) up to the brown one
(sample B 100). The thickness of colored layer of the
blocks does not exceed 1 mm. It has turned out that
aready on depth of an order 50 mm coloring of all
irradiated samples (independently on the dose) is similar.
After removal of a layer 50 mm thick all samples have
light yellow color.
Fluorescence spectra of a sample surface, recorded at
excitation wavelength | = 290 nm, are shown on fig. 2.
The most intensive fluorescence exhibit sample B20 that
was irradiated with the least dose — 0.2 MGy. By
increasing the radiation, dose the intensity of emission
band decreases. for sample B40 — 1.8 times, at B60 —
3 times, at B100 — 10 times. The shape of a fluorescence
spectrum profile changes aswell. Its maximum
significantly shifts to the higher wavel engths;
approximately up to 470 nm for the ssmple B20 and to
600 nm for B100 sample.

The described dependence of fluorescence spectra of
a sample surface with irradiation dose is due to the fact
that the colored surface plays a role of the optical filter.
Actually, it turned out, that samples with an outlying thin
surface layer (at about 50 mm) have not only similar
coloring but also al, including sample B80, possess
quite intense fluorescence with amost identical
intensities and spectrum shapes.

As wdl asin case of films samples, fluorescence of
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Intensity (a.u.)
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Fig. 2. Absorption spectra (1), fluorescence spectraat excitation wave engths A = 365 nm (2, 3) and A = 450 nm (4),
excitation spectrum at the fluorescence regigration wavdength A = 535 nm (5) and synchronous scanning fluorescence
spectrum with AL = 20 (6) of theirradiated samples. Curve 2 — sample 2, the other spectral curvesis of sample 3

I M I
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the irradiated block samples aso depends on wavelength
of excitation that suggest the presence of the several
emission centersin them. To establish emission range of
OC formed in the irradiated samples the deconvolution
of it spectral profile has been carried out using Gaussian
function for each combination mode.

Using combination four Gaussian function good
agreement with experimental spectrum profile and lowest
error of discrepancy has been attained. Namely, four
centers of emission and absorption was attributed to the
subbands with their maximaat 370 nm (centre l), 414 nm
(centre 11), 470 nm (centre I11) and 532 nm (centre 1V)
respectively. Therefore four OC with intense
fluorescence are formed in irradiated film species and
block samples and absorbance centers accordingly
following 300, 345, 390 and 470 nm.

Thus on the basis of obtained experimental data it
can be concluded that OC responsible for the surface
coloring of irradiated blocks PTFE and fluorescence
centers — are completely different centers having
different nature and structure. It confirmed not only by
their difference of the digribution in the bulk of the
sample. The coloring centers absorb in all visible area of
a gspectrum (even most light colored samples have
reflection power not exceeding 20 %) whereas the
fluorescence centers producing visible luminescence,
possess bands of absorption in the range of a near
ultraviolet, by contrast the centers 11, 1V absorb partially
in violet and dark blue range. In the presence of the
centers with such absorption, the modified samples can
get only light yellow or golden-yellow color.

In order to clarify the process of colored centers
formation on a surface of the irradiated samples and to
identify their structure, a further additiona research is
required. In this work, we introduced only main
important points. Apparently, in their formation take part
low-molecular fluorine-containing compounds liberating
from heated up PTFE during process of a grirradiation.
They interact with an uncontrollable impurity, which
present in argon gas, and also with a products allocated
on the chamber walls. Some of the formed compounds
are colored. They are adsorbed on a surface of samples
and give them certain color. At the same time the colored
surface of samples plays arole of the optical filter, which
decreases the intensity and leads to shifting of the
fluorescence spectrum maximums.

Concerning the structure of fluorescence OC the
situation ismore clear. Recently [5 - 8] we have reported,
that these centers have polyene structure (- CF=CF-) n,

wheren =4 - 7. This assumption was based on following
facts. It is well known that the presence of conjugated
double bonds in the polymers exposed to UV-light,
ionizing radiation and/or therma treatment is detectable
by means of Iuminescence and UV-absorption
spectroscopy. The main feature of these polymers is that
their main molecular chain consists of carbon atoms as
well as in case of PTFE. Such effect mentioned above
was observed in polystyrene, polyvinyl alcohal,
polyvinylchloride and some others polymers[10].

More precisely structure of OC I-1V was defined in
ref. [4] by selection of the mode polyen compounds with
n=4-7 usng available literature data on fluorescent
characteristics of various compounds. The absence in
spectra of modified PTFE fluorescence bands similar to
polyen with n=2 and 3 is explained by that these
structures don't fluoresce [11].

Thus, in the present work spectral characterigtics of
absorption and fluorescence of OC formed in the y-
irradiated PTFE are specified. It was established that the
different OC are responsible for fluorescence and
coloring of a surfaces of the modified PTFE. The
fluorescence centers are formed both at the near-surface
region as well as in the bulk of the sample. Ther
concentration dightly changes at the various dosage of
gammaradiaion (which ranged from 0.2 to 0.8 MGy),
while the concentration decreases noticegbly with a
despening into sample. It was confirmed, that the molecular
oxygen traces in a sample play an important role in
formation of the optical emisson centers.
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the Russian Ministry of Education and Science State
project 02.523.12.3024.

Konosea E.M. — HaykoBHW cHiBpoOITHUK nabopartopii
paniamiiHoI CTIMKOCTI MONIMEPHUX MaTepiais;

Caxno T.B. - pnokrop XIMIYHMX Hayk, mpodecop,
KepiBHUK [lonTaBchbKOro BIAIUICHHS akaaeMmil Hayk
TEXHOJIOTIYHOI KiIOEpHETHKU Y KpaiHH.

Xamunoe C.A. - nokrop (i3MKO-MaTeMaTH4HUX HayYK,
KEpIBHUK HAyKOBO-TEXHIYHOrO IIEHTPYy Marepiaio-
BEJCHHS,  3aBigyBau JiabopaTopi€lo  paniamiiHol
CTIMKOCTI MOJIMEPHUX MaTepiais;

Knumenko B.I. - xaHgupar ¢i3uKo-MaTeMaTHYHHUX
HAayK, CTapIiMii HAayKOBHH CIHiBPOOITHUK Jlaboparopil
paziamiiHoI CTIHKOCTI NONIMEPHUX MaTepiais;

Caxno IO.E. - kannunaT XiMiYHUX Hayk,

Cuuxosa C.T. — 3100yBau [TontaBCEKOTO YHIBEPCUTETY
€KOHOMIKH 1 TOPTIBIi .

[1] X.YuL.Zhong, J Sun, Y. Zhang. Radiation stability of PTFE irradiated under various conditions. Polym Degrad

Stab, 39(2), pp. 187-191 (1993).

[2] U.Lappan, U.Gesller, L. Haudler, D. Jehnichen, G. Pompe, K. Lunkwitz. Radiation-induced Branching and
Crosdinking of Polytetrafluoroethylene (PTFE). Nucl Instrum Methods Phys Res, Sect B. B185 (1-4),pp. 178-183

(2001).

[3] A. Oshima, T. Seguchi, Y. Tabata. ESR Study on Free Radicals Trapped in Crosslinked Polytetrafluoroethylene
(PTFE)-11-Radical Formation and Reactivity. Radiat Phys Chem;55(1), pp. 61-71 (1999).
[4] A.Oshima Y. Tabata, H.Kudoh and T. Seguchi, Radiation Induced Crosslinking of Polytetrafluoroethylene,

Radiat. Phys. Chem., 45, pp. 269-273 (1995).

1016



(5]

6]
[7]

(8]
[9]

Mechanical and optical properties of polytetrafluoroethylene treated. ..

SA. Khatipov, R.N. Nurmukhametov, D.l. Sdivergov, A.M. Sergeev. Spectrophotometric and Luminescent
Analysis of Polytetrafluoroethylene Treated by glrradiation near the Mdting Point. Vysokomol Soedin Ser A;
48(2), pp- 153-158 (2006).

Yu.E. Sakhno, V.G. Klimenko, D.I. Sdiverstov, T.V. Sakhno, S.A. Khatipov. The Nature of Color Centersin g
Irradiated Pol y(tetrafluoroethylene). Vysokomol Soedin Ser A; 50(5-6),pp. 117—119 (2008).

R.N. Nurmukhametov, V.G. Klimenko, D.I. Sdliverstov, A.M. Sergeev, S.A. Khatipov. Luminescence and Color
of Radiation-Modified Polytetrafluoroethylene in Blocks. Vysokomol Soedin Ser A, 50(12), pp. 1226-1232
(2008).

Khatipov S, Nurmukhametov R, Sakhno Yu, Klimenko V, Sdiverstov D, Sakhno T. Fluorescent analysis of
pol ytetrafluoroethylene treated by y-irradiation near the melting point Radiat Phys Chem 2011;80(3):522-528.
X-H. Zhao, Z-G. Shen, Y-S. Xing, SL. Ma An experimental study of low earth orbit atomic oxygen and
ultraviolet radiation effects on a spacecraft material — pol ytetrafluoroethylene. Polym Degrad Stab; 88(2), pp. 275-
285 (2005).

[10] J. Lucki, JF Rabek, B Renby, YC Jiang. Spectral differences in photodegraded polystyrene in various solvents.

Polymer, 27(8), pp. 1193-1200 (1986).

[11] B. Hudson, B. Kohler. Linear Polyene Electronic Structure and Spectroscopy. Ann Rev Phys Chem, 25, pp. 437—

460 (1974).

1017



