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The aim of our study is to describe the dose dependent proton induced modifications in Polytetrafluoro ethylene
(PTFE) by using Fourier Transform Infra-red spectroscopy (FTIR), Thermogravimetric analysis (TGA),
Differential Scanning Calorimetry (DSC) and X-ray diffraction analysis (XRD). The shifting of the main peak
along with a decrease in its intensity, the decrease in thermal stability and melting point and the formation of
stable free radicals were observed in the polymer by proton irradiation.
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1 INTRODUCTION

The mechanism of the interaction between protons and macromolecules is rather comp-
licated. Many processes, such as the production of primary and secondary radicals, lead to
the formation of double bonds and transformation of C—C bonds, and autoxidation occurs
in the presence of oxygen. These reactions depend on the proton dose as well as on the en-
vironmental conditions during and after irradiation [1]. Both cross-linking and degradation
take place during proton irradiation and are closely related to the irradiation dose. At certain
doses, cross-linking becomes predominant and mechanical properties are improved. Irradia-
tion of 62 MeV protons on Polypropylene and Polytetrafluoro ethylene showed a decrease in
their optical band-gap, whereas no effect on the optical properties was observed in Poly-
ethylene terephthalate and Polyimide [2]. 62 MeV proton irradiation was also found to mod-
ify the track registration properties of Polyallyl diglycol carbonate (PADC) by fullerene
destruction [3] as well as by the use of thin metal foils in contact with its surface [4]. The
study of solubility changes for poly(methyl methacrylate) as a function of fluence of
1.5MeV protons has been reported [5]. 100keV proton irradiation of polypropylene leads
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to cross-linking between the macromolecules of the polymer enhancing its mechanical prop-
erties [1]. The dose dependent modification of PADC by 62 MeV proton irradiation has been
studied and it was found that the crystallinity and the thermal stability of the polymer
decreased as a function of dose, whereas there was no change in the optical band-gap of
the polymer [6].

Polytetrafluoro ethylene (PTFE) is a vinyl polymer, and its structure, if not its behaviour, is
similar to polyethylene. It is made from the monomer tetrafluoroethylene by free radical vinyl
polymerization. PTFE shows a remarkable chemical resistance and it is insoluble in all
known solvents. It is attacked only by molten alkali metals and by fluorine at high tempera-
tures. PTFE is incombustible and may be used up to 260 °C (300 °C for short periods). Its
coefficient of friction is extremely low. Torissi and Foti (1996) [7] exposed the PTFE foils
to MeV helium and proton beams and found that the irradiation of fluoro polymers produced
a strong sample erosion with emission of fragments produced along the ion track. In the
present work, a systematic investigation is done to analyse the effect of proton irradiation
on PTFE as a function of dose.

2 EXPERIMENTAL DETAILS

2.1 Target Preparation and Proton Irradiation

Forty pieces of PTFE (composition: C,F,, density: 2.2 gcm™?) of sizes (1 x 1) cm” were cut
from commercially available sheets. The thickness of the polymer was measured by sensitive
Heidenhain device and was found to be 200 £ 0.1 pum. The samples were washed thoroughly
with soap solution and deionised water. The cleaned samples were then dried inside a vacuum
desiccator. Four stacks were prepared containing 10 pieces of PTFE in each stack. Each stack
was covered at both the ends by radiation sensitive Polyvinyl acetate (PVA) to check the uni-
formity of the impinging beam by its colour change. These were separately irradiated in
presence of air to four different doses, viz. 10kGy, 30kGy, 60kGy and 80kGy by a
62 MeV proton beam from the heavy ion accelerator of the Ion Beam Laboratory “ISL” of
the Hahn Meitner Institute (HMI), Berlin. The collimated proton beam of dimension
(0.3 x 1) cm? passed perpendicularly through each stack.

2.2 Polymer Characterisation

The pristine and the irradiated samples were characterised by the following techniques.

2.2.1 X-ray Diffraction Analysis (XRD)

X-ray diffraction patterns were recorded using the Cu-Ko (4=1.54A) radiation with
8.04keV energy from the Rigaku 0—-20 X-ray spectrometer at Inter University Consortium,
Indore, India. A rotating anode source and a Sodium lodine scintillation detector have been
used. The value of the diffraction angle (20) ranged from 3° to 90° with a step size 0.04 mm.
The measurements were done at room temperature and ambient pressure conditions. Each
experiment was repeated at least twice and with both faces of the specimens alternatively
exposed to the incident X-rays to check the reproducibility.
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2.2.2 Fourier Transform Infra-red Spectroscopy (FT-IR)

The FT-IR spectra of all the samples were recorded in transmission mode using a Fourier
transforming instrument (model NICOLET, IMPACT 410) keeping air as reference. All
the measurements were done in the wave number range of 4000 to 500 cm™ ' to study the
structural changes including the alteration in position and intensity of the characteristic
bands with an accuracy better than +1% to £3%.

2.2.3 Electron Spin Resonance Spectroscopy (ESR)

The ESR measurements were performed with a Varion (E-109, X-band) spectrometer with
100 kHz field modulation. The samples were placed in a quartz tube and the spectra were
recorded at room temperature. The spectrometer worked at 9.6 GHz frequency with the
following set up: Field Set: 3382 Gauss, Scan range: 1000 Gauss, Time constant: 0.25 sec,
Scan time: 4 minutes, Modulation amplitude: 0.5 x 1, Receiver Gain: 6.3 x 10%, Microwave
power: 2 mW.

2.2.4 Thermal Analysis

A Perkin Elmer Delta series Thermal Analysis system was used to conduct Thermogravimetric
analysis (TGA) and Differential Scanning Calorimetry (DSC). The samples were cut into very
small pieces, crimped in small aluminium pans and weighed in a microbalance. The samples
were then heated at a predetermined rate of 20 °C/min with N, as the flushing gas.

(i) Thermogravimetric Analysis (TGA)
The samples were heated from 30°C to 600 °C, and the thermograms, i.e., the plot of
weight percentage (ordinate) as a function of temperature (abscissa) were recorded within
an accuracy of +2 °C.

(i) Differential Scanning Calorimetry (DSC)
The hermetically sealed samples were heated from 50 °C to 500 °C and the thermograms,
i.e., the plot of heat flow (Y-axis) versus temperature (X-axis) were obtained within the
instrumental error of £2 °C.

3 RESULTS AND DISCUSSION

The results obtained from the above mentioned experiments are described below.

3.1 X-ray Diffraction Analysis

The structures of pristine PTFE and the samples irradiated at the highest dose (80 kGy) were
analysed by X-ray diffraction studies. The XRD spectra are shown in Figure 1 and the various
parameters assigned with the peaks are given in Table 1. The result showed that intensity of
the main peak (A) (at 20 =21.79° for the pristine material) was reduced and shifted up to
20 =17.90° for the PTFE samples irradiated to the highest proton dose (80 kGy). The inten-
sity of the other two peaks (B and C) also decreased after irradiation. That decrease denotes
some destruction of the orderliness of the original crystal structure due to proton irradiation.
Some new peaks (D and E) also emerged at 20 =72.57° and 75.54° after irradiation
(80 kGy), suggesting a partly buildup of new crystalline matter—though of very low intensity.
Such an effect had been observed also at other occasions [8].
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FIGURE 1 XRD spectra of the pristine and the proton irradiated PTFE (80 kGy).

Fourier Transform Infra-red Spectroscopy

The FT-IR spectra of the pristine and the proton irradiated (80kGy) PTFE are shown in
Figure 2. The absorbance peaks from 1000cm™' to 1300cm™ ' (C) are contributions of
the C-F stretching vibration [9]. Some new peaks emerged in case of the irradiated PTFE
samples. The new peak at 1885cm™' (A) originates from the carbonyl fluoride group
(—COF) and that at 1795 cm™" (B) is assigned to CF, = CF, terminal double bond vibration
[10, 11]. Here, the structure of the polymer might be visualised as polyethylene with all its
hydrogen atoms substituted by fluorine, where the C—F coupling was less covalent than
the C—C coupling due to more electronegativity of fluorine. This made the C—C bond
relatively less probable towards cleavage.

3.2 Electron Spin Resonance Spectroscopy

The ESR spectrophotometer recorded a signal of free radical formation for the polymer
irradiated to the highest dose. The spectra are shown in Figure 3. The width of the signal
formed was around 50 Gauss, which is usually attributed to o-bonds. Since the irradiation
was done in the presence of oxygen, a number of radiolysis products were formed. Especially
CF, and C,F4 become less abundant in favor of COF,. As reported by Spinks and Woods

TABLE [ Position (20), Intensity (I) and Full Width Half Maximum (FWHM) of the XRD Peaks of the Pristine (P)
and the Proton Irradiated PTFE (80 kGy).

20 (degree) L 1 (CPS) FWHM (degree)
Peak P 80 kGy P 80 kGy P 80 kGy P 80 kGy
A 21.79 17.90 100 100 28166 9796 2.60 2.00
B 36.00 36.99 8 23 3103 2281 0.40 0.30
C 42.00 42.00 4 7 3896 2747 2.90 0.29
D - 72.57 - 15 - 1421 - 0.30
E - 75.54 - 5 - 460 - 0.30
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FIGURE 2 FTIR spectra of the pristine and the proton irradiated PTFE (80 kGy) in the range of 1900-900 cm™ .

[12], these products are formed by random splitting of C—C bonds and C—F bonds to give
radicals. Oxygen would add to organic radicals to give peroxy-radicals, which could react
together to form alkoxy radicals as shown below.

—CF,—CF;+ 0, - —CF,—CF,0;

2—CF2—CF202. — 2-CF2CF20'+ 02

Dissociation of alkoxy radicals produces carbonyl fluoride and a new organic radical by one
—CF,-unit as follows:

PTFE
T2\
M\/\VVM/\JA‘W ‘WV\A'\A/\/\IWWW
Pristine
Irradiated
 E—
50 Gauss

FIGURE 3 ESR spectra of the pristine and the proton irradiated PTFE (80kGy) showing the free radical signal.
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FIGURE 4 TGA thermograms of the pristine and the proton irradiated PTFE (80 kGy).

The formation of free radicals could not be traced by the ESR spectral analysis for the pris-
tine and the irradiated PTFE at the three lower doses (10 kGy, 30 kGy and 60 kGy); the signal
shows only up at the highest dose (80 kGy). Since the irradiated samples were kept at room
temperature for a few months after irradiation, quite a number of free radicals formed could
have been annihilated during that time. However, the PTFE sample proton-irradiated up to
80kGy formed a relatively stable radical, which was detected by the instrument. This
reveales that the proton irradiation (80kGy) in the polymer PTFE leads to chain-scission
resulting in the formation of free radicals. The increase in conductivity of the latter sample
as revealed by UV-V is spectroscopy [2] is made plausible by the formation of this free
radical.

3.4 Thermogravimetric Analysis

The TGA thermograms of the pristine and the irradiated PTFE (80kGy) are shown in
Figure 4. The thermal stability was found to decrease with the increase in proton dose.
The temperature values for different decomposition zones are listed in Table II. The stable
zone of decomposition was reduced from 264 °C for the pristine case to 125°C for the
PTFE sample proton-irradiated at 80 kGy. Similarly, both the slow decomposition zone (of
about 5% weight loss) and the fast decomposition zone decrease with increase in proton dose.

TABLE II Thermal Decomposition Temperatures at Different Zones for the Pristine and the PTFE Samples
Irradiated to Different Doses (10, 30, 60, 80 kGy) of 62 MeV Protons.

Dose (kGy) Stable zone (°C) Slow decomposition zone (°C) Fast decomposition zone (°C)
0 30-264 264-470 470-639

10 30-257 257-442 442-631

30 30-244 244-439 439-625

60 30-157 157425 425-613

80 30-125 125-418 418-607
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FIGURE 5 DSC thermograms of the pristine and the proton irradiated PTFE (80 kGy).

3.5 Differential Scanning Calorimetry

DSC analysis revealed a decrease in melting temperature of PTFE with increase in dose of
proton irradiation. The DSC thermograms of the pristine and the proton irradiated PTFE
(80kGy) are shown in Figure 5. In the pristine PTFE, endothermic distortions started at
around 208 °C and continued up to 330°C (Ay), at which a transition from exothermic to
endothermic occurred. The melting endotherm was observed at 334°C (Bg). For the
irradiated samples, endothermic distortions started at around 205 °C and continued up to
327°C (A,), at which a transition from exothermic to endothermic occurred. The melting
temperatures gradually decreased with increase in dose and were found to be 330°C,
328°C, 324°C and 321 °C (B,) for the samples irradiated by 10, 30, 60 and 80 kGy, respec-
tively. This finding is in accordance with the other studies and supports the fact that PTFE
underwent chain-scission by proton irradiation.

4 CONCLUSION

From the results obtained by the proton irradiation (62 MeV) on PTFE, the following conclu-
sions can be drawn.

e The decrease in the intensity of the peaks as revealed from the XRD analysis, denoted
some destruction of the orderliness of the original crystal structure due to proton
irradiation.

e Simultaneously, there is evidence for some radiation-induced build-up of new crystalline
structures, which are, however, of marginal abundance.

e The FTIR spectra of the irradiated PTFE showed the emergence of some new peaks
assigned to terminal double bonds and carbonyl stretching vibration.

e The ESR spectrum for the PTFE irradiated at the dose of 80kGy of 62 MeV proton
revealed the formation of a stable free radical.

e The thermal stability and the melting temperatures of PTFE were observed to decrease
with increase in proton dose. The chain-scission induced in the polymer by proton
irradiation accounts for its decomposition at low temperature.
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