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PTFE foils were irradiated with different ion beams (Xe, Au and U) with energies up to 1.5 GeV and flu-
ences between 1 x 108 and 1 x 10'3 ions/cm? at room temperature. The induced modifications in the
polymer were analyzed by FTIR, UV-Vis spectroscopy, and XRD. In the FTIR spectra, the CF, degradation
accompanied by the formation of CF; terminal and side groups were observed. In the UV-Vis spectra, the

PTFE observed increase in the absorption at UV wavelengths is an indication of polymer carbonization. From
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XRD, the amorphization of the material was evidenced by the decrease in the intensity of the main dif-
fraction peak. An exponential fit of the intensity of the IR absorption peaks resulted in the following val-

ues: 2.9+0.8; 45+0.9 and 5.6 + 0.8 nm for the latent track radius after irradiation with Xe, Au and U

beams, respectively.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Polytetrafluoroethylene (PTFE) shows an outstanding combina-
tion of chemical and physical properties such as excellent chemical
and electric resistance, thermal stability, and low friction coeffi-
cient. It belongs to a class of fluorine containing polymers that en-
closes a combination of interesting properties, making them very
useful materials for hi-tech and biological applications [1,2]. PTFE
is semi-crystalline in nature, with its linear chains adopting com-
plicated helical configurations [3], where the F atoms cover the
backbone chain and ensure the chemical stability of the polymer.
However due to this high stability, it is not possible to determine
the ion track radius in irradiated PTFE using the standard tech-
nique of chemical etching. Since it is well-known as an extremely
sensitive polymer for high energy radiation undergoing scission of
the main chain [4], the incidence of swift heavy ions should create
latent tracks in the material. Hence the aim of this work is to esti-
mate the radius of these latent tracks, created after irradiation with
different ion beams, through the analysis of the induced chemical
and structural modifications in the irradiated PTFE.

2. Experimental

PTFE films with 25, 50 and 100 pm thick (Enflo Canada Ltd.)
were irradiated under normal beam incidence at room tempera-
ture with Xe, Au and U ions with energies from 0.9 to 1.5 GeV
and fluences between 1 x 10% and 1 x 10'3 jons/cm? at the acceler-
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ator UNILAC at the GSI in Darmstadt, Germany. The fluence was
measured by monitoring the signal from a secondary-electron
emitting Al-foil detector placed in front of the samples and cali-
brated via a Faraday cup (precision ~20%).

The sample analysis was performed during and after the irradi-
ation period. A novel setup at M3 beam line, at GSI [5], allowed
in situ infrared spectroscopy (FTIR) used for the analysis of one
sample irradiated with different ion fluences. In the FTIR measure-
ments a NICOLET 6700 FT-IR spectrometer of ThermoFisher Scien-
tific was used in the range 400-4000 cm ', with a resolution of
2 cm !, After irradiation, a set of samples irradiated with different
fluences were analyzed with UV-Vis absorption spectroscopy and
X-ray diffraction (XRD). The UV-Vis spectroscopy was performed
at the GSI, with a UV4 spectrometer of Unican, in the range of
190-900 nm with resolution of 2 nm. For the XRD analysis an X-
ray Diffractometer Ultima+ of Rigaku was used in the mode 0-0,
at the LCr, IFUSP in Sdo Paulo, Brazil.

3. Results and discussion
3.1. FTIR

The FTIR analysis of pristine and irradiated PTFE foils, Fig. 1,
points out the formation of new chemical groups which were in-
duced by the ion irradiation. The formation of CF; terminal and
side group, with IR absorption peaks at 740 and 985 cm™!, respec-
tively, is accompanied by the decrease in the intensity of absorp-
tion of the bands assigned to the CF, bonds (at 2360 cm™!). This
indicates that the dynamics of CF; formation starts with the scis-
sion of the main polymer producing a pending CF, group, which
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Fig. 1. FTIR spectra of pristine and irradiated PTFE films with different fluences of
0.9 GeV Au beam. Some new IR absorption bands observed after foil irradiation are
indicated.

recombines with an ionized F atom, which was initially split of the
chain.

In addition, double bond formation and cross-linked structures
are also observed in the range of 1650-1800 cm~!. The formation
of internal double bonds is an indication of C—F bond scission. Nor-
mally, this scission is unlikely due to the higher stability of the C-F
bonds, but the observed increase in the intensity of the respective
absorption peaks reveals that this process plays a significant role in
the degradation induced by swift heavy ions (SHI). After the C—F
scission of neighboring atoms, the pending bonds can create a dou-
ble bond structure inside the polymer chain. If the C ionization is
followed by a C-C scission in the neighborhood, the pending bonds
can reorganize themselves forming double bonds or even cross
linking the polymer chains. Some routes for this chemical pro-
cesses, proposed by Lunkwitz et al. [6,7] and Oshima et al. [8,9],
in the case of electron beam irradiation seems to be also applicable
in the case of SHI irradiation, since the observed modifications are
similar although with higher intensity.

3.2. UV-Vis spectroscopy and XRD

The UV spectroscopy, Fig. 2, shows a decrease in the intensity of
the light absorption at wavelengths in the visible range of the spec-
tra, with maximal diminution at about 400 nm, that denotes more
transparency of the PTFE foils after irradiation.
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Fig. 2. UV-Vis spectra of pristine and irradiated PTFE films with different fluences
of 1.3 GeV U beam.

In opposition, a large increase in the absorption at wavelengths
in UV region of the spectra is observed. The absorption edge be-
comes more pronounced, which means that a great number of
new chemical structures are absorbing at this wavelength range
and can be a sign of polymer carbonization. The PTFE carbonization
is plausible since a great number of F atoms are ionized in the
material during the ion irradiation, permitting the rearrangements
of the C backbones atoms. When compared with degradation pro-
cesses of other common polymers, as PI [10] and PC [11], the PTFE
carbonization occurs at a relatively reduced rate and becomes
really evident just above the irradiation fluence of 4 x 10'! ions/
cm?, in the case of irradiation with U ions.

From the XRD analysis, Fig. 3, a decrease in the polymer crystal-
linity is observed, even for lower irradiation fluences (~1 x
10° ions/cm?). The diffraction peak at about 18° is attributed to
the (1 0 0) direction, where the PTFE chains are parallel to the poly-
mer surface. The decrease in the intensity of the diffraction peak
signifies reduction in the number of repeat units (polymer chains)
of the same length, which is a strong evidence of polymer chain
scission. The amorphization is a related effect to the increase in
the transparency of the PTFE, since the smaller the partial crystal-
linity, smaller is the opacity of the polymer.

3.3. Radius of latent ion tracks

The atom ionizations and chain scissions observed in the PTFE
analysis are due to the process of latent track creation along the
way of the passage of ions during the polymer irradiation. The
intensity of damaged and created chemical groups is directly re-
lated to the volume of the disturbed region, and can be fit using
an exponential function with the ion fluence [12]. Thus fitting
the intensity of the IR absorption peaks and assuming the model
of cylindrical ion tracks, the radius of the latent ion tracks created
in PTFE can be estimated.

Obtained values for the average ion track radius after irradiation
with Xe, Au and U ions, in Table 1, show a systematic increase with
atomic number of the incident ion. This tendency suggests that the
radial range of the damage area is directly related to the stopping
power of the incident ion, which increases with the projectile
atomic number.

Furthermore the good data agreement with the exponential fit,
in Fig. 4, leads us to the conclusion that the creation of double
bonds and the cross-linked structures in the ion tracks probably
follow the so-called one hit process. Although it depends on more
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Fig. 3. XRD spectra of pristine and irradiated PTFE films with different fluences of
1.3 GeV U beam.



A.O. Delgado et al./Nuclear Instruments and Methods in Physics Research B 273 (2012) 55-57 57

Table 1

Values of maximal stopping power Spax (calculated with the code SRIM 2006) and
estimated radius Reack Of the latent tracks for different incident ions in PTFE with
initial energy between 0.9 and 1.5 GeV.

Ion/energy (GeV) Xe[1.5 Au/0.9 U/1.3
Smax (keV/nm) 14 22 27
Rirack (Lm) 29+08 45+09 5.6+0.8
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Fig. 4. Exponential fit (lines) to the IR absorption intensity of some new chemical
groups in PTFE as a function of irradiation fluence for films irradiated with 1.3 GeV
U beam.

than one chemical step, as discussed before, this creation is possi-
ble since the energy of the projectile is so high, that the electronic
energy loss of this single ion is high enough to create a great num-
ber of different phenomena along its path and in the neighborhood
of the chain scission point.

4. Conclusion

Although being a very chemical resistant polymer, PTFE under-
goes great damage under SHI irradiation. The damage process can
be described as essentially scission of the backbone chain accom-
panied by the split of F atoms that cover the main chain. The
mobility of the ionized F atoms, associated with the great number
of produced pending bonds, evolutes to different new structures
such as double bonds and cross-linked chains. Furthermore the
damage process involves the decrease in the polymer crystallinity
and increase in its transparency. The analysis of the new struc-
tures, as a function of the ion fluence, leads to values between
2.9+0.8 and 5.6 £ 0.8 nm for the latent track radius, increasing
with the atomic number of the incident ion.
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