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a b s t r a c t
PTFE irradiation above its melting point leads to formation of double melting and crystallization peaks in
DSC curves. Splitting of melting peaks is connected to dual crystalline morphology typical for PTFE irradiated in the melt. According to electron microscopy, two crystalline types with different size and packing density exist in the irradiated PTFE.
Ó 2011 Elsevier B.V. All rights reserved.

1. Introduction

c-Irradiation of sintered polytetraﬂuoroethylene (PTFE) at temperature above the polymer melting point is a promising technique
which imparts unique properties to PTFE [1–5]. But the nature and
the structure of PTFE modiﬁed in this way are still not enough
understood.
Thermal properties of PTFE irradiated at room temperature
have been intensively studied for a long time (see [6–9] and references therein). Meanwhile, there are only few papers where PTFE
irradiated in the melt was examined with differential scanning calorimetry (DSC) [1,2,10–12]. These investigations focused mainly
on changes in temperature and enthalpy of melting transition,
although changes in the shape of melting and crystallization peaks
can be seen in some reported DSC scans of irradiated PTFE [1,10].
In the present work we study effect of c-irradiation in the melt
on thermal properties of PTFE for low absorbed doses (6200 kGy).
Obtained results are compared with morphology analysis by scanning electron microscopy (SEM).

2. Experimental
2.1. Samples
Commercial PTFE sheets (2  400  400 mm3) manufactured by
Kirovo–Chepetsk chemical plant were used in experiments. The
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samples were produced by manufacturer from the polymer powder of PN grade by standard uniaxial molding with further sintering (TU 6-05-810).
2.2. Irradiation
The PTFE samples were irradiated at 335 °C, above the melting
point of crystallites (327 °C), in argon atmosphere by 60Co c-quanta with 1.25 MeV mean energy using a KSV-500 c-ray apparatus located in Karpov Institute of Physical Chemistry (Moscow, Russia).
Design of apparatus allows to maintain required irradiation
conditions.
2.3. DSC
Differential scanning calorimetry (DSC) analysis was carried out
with using a Netzcsh DSC 204 F1 Phoenix calorimeter. During DSC
experiments the samples were purged with helium gas at ﬂow rate
of 25 ml/min. Melting and crystallization temperatures were
determined as maximums of corresponding peaks. Heats of melting and crystallization were determined by integrating the peaks
in the DSC curves. The calorimeter was calibrated according to
ISO 11357 by using standard materials with known heat of
melting.
2.4. SEM
Morphology of PTFE samples was examined by scanning electron microscopy (SEM). Fracture surfaces were produced at liquid
nitrogen temperature. A JEOL JSM-7500F high resolution scanning
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electron microscope with a ﬁeld-emission cathode was used to obtain images of the fracture surfaces. The images were obtained in
the mode of low-energy secondary electrons because the highest
resolution can be obtained in this case (the resolution was 1.5
and 1 nm at primary beam energy of 1 and 5 keV, respectively).
To eliminate charging and destruction of analyzed surface by electron beam, the following technical approaches were applied: (1)
low electron beam current (3  10–11 A) from a cathode with cold
ﬁeld emission was used; (2) a special Gentle Beam mode decelerating incident electrons near the sample surface was used; as a result, on the one hand, energy of incident electrons decreases to the
ultra-low values reducing charging effects and eliminating
destruction of the sample, and, on the other hand, diameter of incident electron beam remains small, maintaining high resolution; (3)
the fracture surface was coated with thin platinum ﬁlm by magnetron deposition.

3. Results and discussion
Figs. 1 and 2 show the melting and crystallization curves of
the original and irradiated PTFE samples. An increase in the absorbed dose shifts melting and crystallization temperatures to
the lower values. Similar temperature shift to the lower temperatures under PTFE irradiation in the melt has been observed
previously [1,2,10–12] and explained by a decrease in crystallite
sizes [1] and a decrease in the polymer molecular weight due
to radiation-induced scission of the macromolecular chains [10].
In addition, melting and crystallization curves of the irradiated
samples split into double peaks (Figs. 1 and 2). An occurrence of
double peaks for PTFE reported in Ref. [13] was due low penetration depth of a-particles and, consequently, presence of both irradiated and non-irradiated regions with different melting
temperatures in the analyzed sample. In our work high penetration
capability of c-quanta provides a highly uniform spatial distribution of c-radiation over an irradiated sample. This allows us to
attribute the double peaks to the double-melting phenomenon.
Some evidences for this can be seen from DSC curves reported in
earlier papers [1,10]. Fig. 7 in Ref. [1] shows splitting of crystallization peak of PTFE irradiated by electron beam under vacuum at
340 °C with dose of 100 kGy. Similarly, in Fig. 1 of Ref. [10] the
melting peak of PTFE irradiated in oxygen-free atmosphere at
385 °C with dose of 500 kGy exhibits inﬂection point, suggesting
the complex nature of the melting. However, this complex structure of DSC curves was not discussed earlier.
Temperatures and enthalpies of the transitions are given in
Table 1. Compared to the initial sample, enthalpy of PTFE sample
irradiated with 10 kGy dose increases stepwise and then varies a
little at higher doses.

Fig. 1. DSC melting curves of PTFE irradiated with (1) 0, (2) 10, (3) 20, (4) 50, (5)
100, and (6) 200 kGy. Scan rate 5 K/min.

Fig. 2. DSC crystallization curves of PTFE irradiated with (1) 0, (2) 10, (3) 20, (4) 50,
(5) 100, and (6) 200 kGy. Scan rate 5 K/min.

Table 1
Thermal characteristics of the original and irradiated PTFE.
Sample D (kGy) Tm
(°C)
PTFE

0
10
20
50
100
200

329.2
Not resolved
320.8
316.0
313.4
309.4

D Hm
(J/g)

Tc
(°C)
325.0
324.4
321.7
319.2
Not resolved

315.6
Not resolved
303.5
298.7
296.3
294.3

312.5
310.4
309,0
305.9
Not resolved

29.3
38.3
37.1
38.4
39.3
37.6

D – absorbed dose, Tm – melting temperature, Tc – crystallization temperature, DHm
– total heat of melting.

Fig. 3. DSC melting curves for the PTFE irradiated with 50 kGy and scanned at rate
of (1) 1, (2) 5, (3) 10, and (4) 20 K/min.

Fig. 4. DSC melting curves of PTFE irradiated with dose 50 kGy (1) before and (2)
after annealing at 319 °C. Scan rate 5 K/min.
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Fig. 5. Typical fracture surface SEM images of the irradiated PTFE: a, b – the spherulites, c – region near the center of spherulite, d – region at the spherulite periphery.

The phenomenon of multiple melting occurs in various polymers and has been a subject of intensive investigations in recent
years [14–26]. Two main mechanisms of multiple melting are proposed in literature. The ﬁrst mechanism involves different structures existing in the polymer at room temperature, having
different melting temperatures, and responsible for the individual
melting peaks [14,16–23]. The second mechanism assumes that
only structures responsible for the low temperature melting peak
exist in the polymer at room temperature. Structures responsible
for the additional melting peaks at higher temperatures appear
during temperature scan as a result of complex melting dynamics,
occurrence of various macromolecular rearrangement processes,
for example, processes of melting–recrystallization–melting type
[15,24–26].
To establish causes of the two melting peaks appearance in our
case, we investigated effect of scan rate on melting curves of sample irradiated with dose 50 kGy, at which the splitting of DSC curve
in two peaks appears more distinctly. In the case of rearrangement
processes, we should observe a change in ratio between high- and
low-temperature melting peaks with the change of scan rate [27].
But Fig. 3 demonstrates an independence of the melting curves of
scan rate.
The effect of sample thermal history on the high-temperature
melting peak represents an additional evidence for the absence
of rearrangement process. As seen from Fig. 4, annealing at
319 °C, i.e. above the low-temperature melting peak, shifts the
high-temperature melting peak to higher temperatures. This indicates unambiguously that the structures responsible for the hightemperature peak exist at room temperature rather than are
formed during temperature scan. Thus, in our case the ﬁrst double-melting mechanism is realized.
Structures responsible for the two melting peaks could both
have a different crystal structure [16,17] and a different morphology (different size and/or shape of crystallites [14,18–22,24]). To
establish a nature of these structures, X-ray diffraction analysis

of the original and irradiated PTFE samples was performed. This
analysis indicate only existence of single crystalline structure corresponding to the hexagonal packing, with no other polymorphs,
particularly monoclinic structure.
Thus, we should attribute the two melting peaks to two different morphologies of crystallites existing in irradiated PTFE.
Morphology of the irradiated PTFE was examined by SEM. Irradiation of PTFE in the melt leads to rearrangement of the polymer
supramolecular structure: to formation of spherulites which were
absent in the initial polymer (Fig. 5a and b). In addition, two morphology types are clearly observed: dense structures around the
center of spherulite (Fig. 5b and c) and loose network structure
at the periphery (Fig. 5d). It could be assumed that crystallites in
these formations differ by size and, probably, by speciﬁc surface
energy due to substantially different density of packing. According
to the Gibbs–Thompson equation [28], both decrease in crystallite
size and decrease in packing density (resulting to an increase in
surface energy) lead to a decrease in the melting temperature.
Thus, it can be concluded that the low- and high-temperature
melting peaks are associated with the structures shown in Fig. 5d
and c, respectively.

Acknowledgements
This study was supported by the Russian Ministry of Education
and Science, State Projects Nos. 02.523.12.3024 and 14.740.11.0163.
We are grateful to S.A. Ivanov (lead researcher of Laboratory of
Oxide Materials, Karpov Institute of Physical Chemistry) for carrying out the X-ray diffraction analysis.

References
[1] A. Oshima, Y. Tabata, H. Kudoh, T. Seguchi, Radiation induced crosslinking of
polytetraﬂuoroethylene, Radiat. Phys. Chem. 45 (1995) 269–273.

Author's personal copy

S.A. Serov et al. / Nuclear Instruments and Methods in Physics Research B 271 (2012) 92–95
[2] A. Oshima, S. Ikeda, T. Seguchi, Y. Tabata, Improvement of radiation resistance
for polytetraﬂuoroethylene (PTFE) by radiation crosslinking, Radiat. Phys.
Chem. 49 (1997) 279–284.
[3] S.A. Khatipov, N.A. Artamonov, A new antifriction and sealing material based
on radiation-modiﬁed polytetraﬂuoroethylene, Russ. J. Gen. Chem. 79 (2009)
616–625.
[4] S.A. Khatipov, E.M. Konova, N.A. Artamonov, Radiation-modiﬁed
polytetraﬂuoroethylene: Structure and properties, Russ. J. Gen. Chem. 79
(2009) 2006–2015.
[5] S.A. Khatipov, R.N. Nurmukhametov, Yu.E. Sakhno, V.G. Klimenko, D.I.
Seliverstov, S.T. Sychkova, T.V. Sakhno, Color and ﬂuorescence of
polytetraﬂuoroethylene treated by c-irradiation near the melting point, Nucl.
Instrum. Methods Phys. Res., Sect. B 269 (2011) 2600–2604.
[6] B.A. Briskman, K.B. Tlebaev, Radiation effect on thermal properties of polymers.
II. Polytetraﬂuoroethylene, High Perform. Polym. 20 (2008) 86–114.
[7] W.K. Fisher, J.C. Corelli, Effect of ionizing radiation on the chemical
composition, crystalline content and structure, and ﬂow properties
of polytetraﬂuoroethylene, J. Polym. Sci., Polym. Phys. Ed. 19 (1981)
2465–2493.
[8] U. Lappan, U. Geißler, L. Häußler, G. Pompe, U. Scheler, The Estimation of the
molecular weight of polytetraﬂuoroethylene based on the heat of
crystallisation. A comment on Suwa’s equation, Macromol. Mater. Eng. 289
(2004) 420–425.
[9] S.P. Tripathy, R. Mishra, K.K. Dwivedi, D.T. Khathing, S. Ghosh, D. Fink,
Degradation in polytetraﬂuoroethylene by 62 MeV protons, Radiat. Eff. Defects
Solids 157 (2002) 303–310.
[10] U. Lappan, U. Geißler, L. Häußler, D. Jehnichen, G. Pompe, K. Lunkwitz,
Radiation-induced branching and crosslinking of polytetraﬂuoroethylene
(PTFE), Nucl. Instrum. Methods Phys. Res., Sect. B 185 (2001) 178–183.
[11] A. Oshima, F. Mutou, T. Hyuga, S. Asano, S. Ichizuri, J. Li, T. Miura, M. Washio,
Synthesis of per-ﬂuorinated polymer-alloy based on PTFE by high temperature
EB-irradiation, Nucl. Instrum. Methods Phys. Res., Sect. B 236 (2005) 172–178.
[12] T. Kakigi, A. Oshima, N. Miyoshi, K. Murata, K⁄ Fujii, N. Mitani, T. Urakawa, Y.
Sato, A. Matsuura, J. Li, T. Miura, E. Katoh, M. Washio, Study on chemical
structures of poly (tetraﬂuoroethylene-co-perﬂuoroalkylvinylether) by soft-EB
irradiation in solid and molten state, Nucl. Instrum. Methods Phys. Res., Sect. B
265 (2007) 118–124.
[13] D.L. Pugmire, C.J. Wetteland, W.S. Duncan, R.E. Lakis, D.S. Schwartz, Crosslinking of polytetraﬂuoroethylene during room-temperature irradiation,
Polym. Degrad. Stab. 94 (2009) 1533–1541.

95

[14] Z. Wei, L. Huihui, L. TianXi, Y. ShouKe, A study on the double melting behavior
of poly(trimethylene terephthalate), Chin. Sci. Bull. 53 (2008) 2145–2155.
[15] C. Schick, Differential scanning calorimetry (DSC) of semicrystalline polymers,
Anal. Bioanal. Chem. 395 (2009) 1589–1611.
[16] P. Pan, W. Kai, B. Zhu, T. Dong, Y. Inoue, Polymorphous crystallization and
multiple melting behavior of poly(L-lactide): molecular weight dependence,
Macromolecules 40 (2007) 6898–6905.
[17] L. Zhidan, Z. Chunlian, M. Kancheng, Investigation on multiple-melting
behavior of nano-CaCO3/polypropylene composites, Front. Chem. Eng. China.
1 (2007) 81–86.
[18] C. Marega, V. Causin, A. Marigo, The morphology, structure and melting
behaviour of cold crystallized isotactic polystyrene, Macromol. Res. 14 (2006)
588–595.
[19] T. Liu, S. Yan, M. Bonnet, I. Lieberwirth, K.-D.J. Rogausch, J. Petermann, DSC and
TEM investigations on multiple melting phenomena in isotactic polystyrene, J.
Mater. Sci. 20 (2000) 5047–5055.
[20] T. Liu, J. Petermann, C. He, Z. Liu, T.-S. Chung, Transmission electron
microscopy observations on lamellar melting of cold-crystallized isotactic
polystyrene, Macromolecules 34 (2001) 4305–4307.
[21] T. Liu, J. Petermann, Multiple melting behavior in isothermally cold
crystallized isotactic polystyrene, Polymer 42 (2001) 6453–6461.
[22] T. Liu, Melting behaviour of isotactic polystyrene revealed by differential
scanning calorimetry and transmission electron microscopy, Eur. Polym. J. 39
(2003) 1311–1317.
[23] C.-L. Wei, M. Chen, F.-E. Yu, Temperature modulated DSC and DSC studies on
the origin of double melting peaks in poly(ether ether ketone), Polymer 44
(2003) 8185–8193.
[24] B.S. Huang, L.L. Chang, E.M. Woo, Analysis of dual-melting behavior in coldcrystallized poly(ether diphenyl ether ketone), Colloid Polym. Sci. 279 (2001)
887–897.
[25] Y. Wang, M. Bhattacharya, J.F. Mano, Thermal analysis of the multiple melting
behavior of poly(butylene succinate-co-adipate), J. Polym. Sci., Part B: Polym.
Phys. 43 (2005) 3077–3082.
[26] Z. Yuan, R. Song, D. Shen, Study of multiple melting behaviour of syndiotactic
polystyrene in b-crystalline form, Polym. Int. 49 (2000) 1377–1382.
[27] J.D. Menczel, L. Judovits, R.B. Prime, H.B. Bair, M. Reading, S. Swie, Differential
scanning calorimetry (DSC), in: J.D. Menczel, R.B. Prim (Eds.), Thermal
Analysis of Polymers: Fundamentals and Applications, Wiley, New York,
2009, pp. 7–239.
[28] B. Wunderlich, Thermal Analysis of Polymeric Materials, Springer, Berlin, 2005.

