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Abstract 

 
The positron annihilation lifetime technique has been applied to investigate the free 

volume holes distribution in the pure and doped polytetrafluoroethylene (PTFE) with glass as a 
function of temperature. The measurements were performed from room temperature up to 250 
oC. The lifetime spectra were analyzed using two methods; 1) A finite-term analysis to determine 
the average values of the ortho-positronium (o-Ps) lifetime and its intensity using PATFIT 
program, 2) A continuous lifetime analysis to the o-Ps hole volume distributions using MELT 
program. The ortho-positronium (o-Ps) lifetimes, (τ3 and τ4) are found to be varied depending 
upon the phase of the polymer. Within the temperature range of interest, two transitions can be 
observed. The first one is related to the glass transition temperature, Tg (at 130 oC for the pure 
PTFE and at 110 oC for the doped PTFE with glass). The second one is the crystalline 
temperaturte, which is obtained at 210 oC for the both samples. It was found that, Tg is shifted 
toward the lower values (110 oC) for the doped PTFE with glass, which could be attributed to the 
decrease in the degree of crystalinity. This is in consistent with the wide-angle x-ray scattering 
data. A correlation between the positron annihilation parameters and the DC electrical 
conductivity was given. 
 
Keywords: Positron annihilation lifetime, polytetrafluoroethylene, PTFE doped with glass, DC 

electrical conductivity, free volume.  
 

I. Introduction 

The positron is the anti-particle of the electron, it has the same rest mass, within current 

experimental limits and the same spin but with opposite electric charge and magnetic moment. 

The positron annihilates by combination with an electron to generate photon of a specific energy. 

The positrons are generated by the decay of certain unstable isotopes, one of the most commonly 

used being 22Na, which decays to 22Ne with the simultaneous emission of positrons and a gamma 

ray of 1.28 MeV. The positrons emitted have a distribution of energies between 0 and 540 keV, 

with a maximum at 200 keV and are thermalised by inelastic collisions with the surrounding 

media. The thermalisation process will cause ionization of the media with production of 

secondary electrons, which can form a bound positron-electron pair, positronium atom (Ps). The 

positronium atom can be formed having two spin states; ortho-positronium, o-Ps (triplet) and 
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para-positronium, p-Ps (singlet). Dirac [1] predicted in vacuum that the spin-allowed annihilation 

of p-Ps would occur with a lifetime of the order of 0.125 ns and decays with emission of two 

photons, whereas the spin-forbidden annihilation of the o-Ps will decay after approximately 142 

ns. In condensed media 75 % of the Ps formed will be the o-Ps and 25 % will be the p-Ps. 

Positronium existence depends on there being regions of low electron density. The o-Ps 

annihilation may be enhanced if it is able to interact with other electrons and spin exchange 

annihilation occurs resulting in the reduction of the lifetime of the o-Ps to be around 0.5-5 ns. In 

addition, the positron in the o-Ps has good chance to pick up an electron from the surrounding 

medium and annihilates much faster. This process is called pick-off annihilation [2], and its rate 

is proportional to the overlap density of the surrounding electrons at the position of positron. 

Positron annihilation lifetime (PAL) is the most important method for studying subnanometer 

holes in polymers.  

Polytetrafluoroethylene (PTFE) was selected in the present work due to its high 

applicability in many fields of polymer science and technology [3]. It, mostly known as Teflon, 

has as special properties; its high melting point (327 oC), high thermal stability, and extremely 

low friction. It is mechanically weak and shows a strong tendency to creep. It is insoluble in all 

common solvents and highly resistant to chemical attack. It is being used in a number of 

applications such as bearings, pipes, sealing rings, electrical insulation and coatings on kitchen 

pans [4, 5]. Filling PTFE with glass makes it stiffer and somewhat harder but lowers it in its 

tensile strength and impact resistance. It also improves creep resistance, dimentional stability and 

wears [6]. 

Pure PTFE has been studied extensively in the past [7-9] using positron annihilation 

technique. However, due to the complex and irregular microstructure of semicrystalline 

polymers it is not yet clear how best to analyze and interpret the annihilation spectra. In the 

available literature, there is no positron annihilation studied on doped PTFE with glass and 

because of its industrial importance.  The aim of the present work is to study the microstructure 

of the pure and doped PTFE with glass as well as the electrical properties as a function of 

temperature. In addition, an attempet is made to find a correlation between the macroscopic 

electrical properties and microstructure free volume properties of the materials under 

investigation.  

II. Experimental set-up 
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Polytetrafluoroethylene (PTFE) pure and doped with 25 % glass were supplied from 

Goodfellow Cambridge Ltd. (England). The molecular structure of the PTFE is [-CF2-CF2-]n. 

The positron source was prepared by depositing about 20 µCi of aqueous 22NaCl on a thin nickel 

foil (2.5 µm thick & 6 x 6 mm2 area) and covering with a foil of the same size after drying. The 

source absorption by the nickel foil was about 6 % and contributes to the short lifetime 

components. Since we are interested in the intensity and lifetime of the longlived components, 

this absorption was not separated in the analysis of the lifetime spectra. The positron annihilation 

lifetime (PAL) measurements were performed using a conventional fast-fast coincidence system. 

To calculate the time resolution of the system, the PAL spectrum of the kapton sample was 

measured. Kapton seems to be the only polymer with no positronium yield; i.e. it has no long-

lived component [10]. Using the RESOLUTION program [11], the time resolution of the system 

was calculated to be 240 ps (full width at half maximum, FWHM). The source was sandwiched 

between two identical samples. The prepared sample was put in the sample holder of heating 

chamber. The heating chamber was evacuated all the time during the PAL measurements 

simultaneously. The PAL measurements were starting from 30 to 250 oC at 10 degrees step. In 

each PAL spectrum, about 1.2 million counts were accumulated.  

In polymers, the PAL spectrum is normally characterized by three or four lifetime 

componentes: τ1, τ2, τ3 and τ4 with their intensities I1, I2, I3, and I4, respectively. In the present 

work, the positron annihilation lifetime spectra were analyzed using two methods; 1) A finite 

term lifetime analysis using PATFIT program [11] without constraints on lifetimes and 

intensities and with no source correction, 2) A continuous lifetime analysis using MELT 

program [12-14]. The entropy weight parameter (α) was set to be at a constant value of 10-5 in 

MELT program. The finite term analysis is a method for the determination of main size and 

intensity of o-Ps lifetime while the continous lifetime analysis is for the determination of the o-

Ps lifetime distribution. 

For the DC electrical conductivity measurements, the sample sheets were sandwiched 

between two copper electrodes using a specially designed holder. A high impedence electrometer 

(Kethely 610C) and a conventional electrical circuit was used. The DC electrical conductivity 

was measured for the pure and doped PTFE with glass in the temperature range from 30 to 250 
oC at 10 degrees interval. The X-ray measurements were performed using Cu Kα radiation, Ni-

filtered and a scintillation detector (JEOL, 60,4x). The scattering intensity was measured in the 

range of 5o to 80o of scattering angle 2θ. The surface morphology of pure and doped PTFE with 
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glass was examined by a scanning electron microscope, SEM (JEOL JSM-T200). The samples 

were coated with gold in a sputtering unit (Ion sputter JFC-1100) to be examined at 

magnification 750x. 

 

III. Results and Discussion 

All the PAL spectra were resolved into three and four components using PATFIT [11] 

program. Four lifetime components fit resulted in better χ2 values and standard deviations 

compared to three components fit. Hence, the positron lifetime spectra in the present work were 

fitted to four components. The shortest lifetime component (τ1 = 0.125 ns) belongs to the self-

annihilation of the p-Ps. While the intermediate component [τ2 = 0.33 - 0.45 ns (PTFE) and τ2 = 

0.34 - 0.41 ns (doped PTFE)] is attributed to the free positron annihilation. The third lifetime 

component, τ3 arises from the annihilation of positrons in the crystalline region, while the fourth 

lifetime component, τ4 is attributed to the o-Ps pick-off annihilation at holes in the amorphous 

phase. 

The concept of local holes seems more suitable for a description of the o-Ps pick-off 

annihilation in amorphous materials. In a simplified model, it might be assumed that Ps 

annihilates from an infinite squer well potential, with a small penetration, ∆R, of the Ps wave 

function into the well. If the radius of the squer well is R, it follows from elementary quantum 

mechanics that the observed o-Ps lifetime, τo-Ps, is given by [15, 16]  

                    τo-Ps =  0.5 
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where Ro = R+ ∆R and ∆R = 1.656 Å is the thickness of the homogenous electron layer in which 

the positron annihilates [17]. Also, the average of the o-Ps hole size (Vo-Ps = 4 πR3 /3), which is 

probed by the o-Ps lifetime, τ3 or τ4 can be calculated. 

Figure (1) shows the shortest o-Ps lifetime and its intensity (τ3 & I3) for the pure and 

doped PTFE with glass as a function of temperature. The scale at the right ordinate represents the 

size of the o-Ps hole volume, V3, in which the o-Ps is trapped in the crystalline region. It is clear 

that, with increasing temperature, τ3 and I3 do not show any significant change except some 

scatter around the glass transition temperature range (100-130 oC) for the pure and doped 

samples under investigation.  
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The temperature dependence of the longest o-Ps lifetime component, (τ4 & I4) for the 

pure and doped PTFE with glass is shown in Fig. (2). The scale at the right ordinate represents 

the size of the o-Ps hole volume, V4, in which the o-Ps is trapped in the amorphous region. With 

increasing temperature, two inflection points have been observed at, Tgp = 130 and 210 oC for the 

pure PTFE while occurs at Tgd = 110 and 210 oC for the doped PTFE with glass. The first 

observed jump may be related to the glass transition temperature (Tgp) involving long sequences 

of CF2 chains, which is in a good agreement with the published data [4]. The second one may be 

attribute to the crystallization temperature. Since, the Tgp of polymers characterizes the onset of a 

comparative motion of large segments of the molecule; the shift of Tgp to lower temperature (Tgd) 

could be attributed to the increase in the number of charge carriers present. It is also noticed 

from Figs. (1 &2) that the o-Ps lifetime attributed to the crystalline phase τ3 is lower than that in 

the amorphous one (τ4) indicating that Ps are localized at crystalline defects, which must be well 

relaxed.  
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Fig. (1): The o-Ps lifetime, τ3 and its intensity, I3 as a function of the temperature for the pure 

and doped PTFE with glass. The scale at the right ordinate is the volume of the hole in 
which the o-Ps is trapped.  

 
From positron lifetime studies of crystalline n-al-kanes near the melting point [7] it was 

found that the o-Ps lifetime, associated with thermally excited, conformational defects in the 

crystals, was situated in a region generally attributed to o-Ps location at holes in amorphous 

polymers. Therefore when these types of holes and defects are present in the crystalline region 

they should not affect the third lifetime component but would be incorporated into the fourth. 

The same is true for the disordered boundary regions between the crystallines and the amorphous 

phase. Therefore, we expect that the o-Ps lifetime due to pick-off annihilation in crystalline 

regions, τ3 is related to the crystalline packing density and hence to the crystal unit cell 

parameters and their variation with the temperature. 
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Fig. (2): The o-Ps lifetime, τ4 and its intensity, I4 as a function of the temperature for the pure 

and doped PTFE with glass. The error bars are within the size of the symbols. 
As discussed in a previous work [2], the o-Ps intensity decreases exponentially during the 

exposure of PTFE to the positron source. Because of the decrease is only about 1% for all of our 

PTFE, this effect can be ignored in further discussion. If no inter-diffusion of the o-Ps between 

crystals and amorphous regions occurs, I3 and I4 corresponding to the o-Ps yield in the crystalline 

and amorphous phases, respectively weighted with the volume fraction of the corresponding 

phase [19]. Regarding the o-Ps intensity in the amorphous region, I4 was smaller in doped PTFE 

with glass compared to that in pure PTFE [Fig. (2)]. Therefore, the number of the free volume 

holes in the doped PTFE with glass is lower than that in the pure PTFE. It is well known that 

increasing the degree of the cystallinity leads to a decrease in the o-Ps intensity [20]. The 

decrease of I4 suggests that free volumes or free spaces are disappeared due to the filling of the 

free volume with glass. This is confirmed from X-ray diffraction profile for the pure and doped 

PTFE with glass as shown in Fig. (3). It is clear that the doped PTFE with glass contains a lower 

number of crystals compared to those in the pure PTFE. This is in a good agreement with the 

data obtained from density measurement, where the density of the pure PTFE (2.34 g/cm3) is 

larger than the density of doped PTFE with glass (2.11 g/cm3). Therefore, the decreasing of I4 is 

not due to the increase in the degree of the crystallinity of the doped PTFE with glass, but 

probably it is attributed to the filling of the free volume holes in PTFE with glass (i.e., glass acts 

as a filler). This can also be confirmed from the image microstructure obtained from scanning 

electron microscope at magnification factor 750x as shown in Fig. [4] for the pure and doped 

PTFE with glass.  
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Fig. (3): X-ray diffraction pattern for the pure and doped PTFE with glass. 
 

 

 

 

 

 

 

 

 

                   Pure PTFE                                                Doped PTFE with glass 

Fig. (4): Image analysis of microstructure for the pure and doped PTFE with glass at 
magnification factor 750x. 

 
 

The thermal expansion coefficient of the o-Ps hole (α) is also calculated using the 

equation [21] α = {(1/V4)[∆V4/∆T]}, where V4 is the o-Ps hole size (V4 = 4πR3/3) that probed by 

the o-Ps lifetime and (∆V4/∆T) is the temperature gradient of the o-Ps hole volume. For the 

glassy state, the calculated values of α for the pure and doped PTFE with glass are 

(2.44±0.2)x10-3 / oC, and (4.74±0.4)x10-3 / oC, respectively, while for the rubbery state, the 

values of α are the same for the two samples (1.43±0.1)x10-3 / oC. These values are significantly 

larger than the thermal expansion coefficient for the bulk pure PTFE of 1.65 x 10-4 /oC. This 

large difference comes from the fact that only PAL measures the free volume hole while the size 

of the excluded volume is included in the case of the bulk expansion. In addition, the α in doped 
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PTFE with glass is found to be equal two times that value in the pure PTFE below the glass 

transition temperature but there is no difference between the calculated values of α above the 

glass transition temperature for the pure and doped PTFE with glass.  

In order to measure the free volume hole distributions in pure and doped PTFE with 

glass, the PAL spectra recorded at different temperatures were converted into continuous lifetime 

distributions by using the MELT program. The lifetime distributions were resolved to four peaks, 

using Bayes’theorem and the maximum entropy principle, corresponding to p-Ps, free 

annihilation, o-Ps lifetime in the crystalline region and o-Ps lifetime in the amorphous region 

distributions. The results from PATFIT and MELT programs agree each other with respect to the 

change of the mean lifetimes. The o-Ps lifetime distributions in the crystalline region at 50, 100, 

130, 150, 200 and 250 oC are shown in Fig. (5) for the pure and doped PTFE with glass. It is 

noticed that the o-Ps lifetime distributions appear fairly symmetric and can be approximately 

described by a Gaussian-type function.  
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Fig. (5): The o-Ps lifetime distribution in the crystalline region for the pure and doped PTFE with 

glass at different temperatures. The scale at the top ordinate is the open volume size in 
which the o-Ps is trapped. The error bars are within the size of the symbols. 

Jean and Dai [22] have pointed out that two major effects, the counting statistics and the 

instrument instability, contribute to a dispersion of lifetime distributions when the MELT 

program is used to investigate open volume hole distributions. In our studies, good counting 

statistics and instrumental stability have been maintained. For the pure PTFE, the o-Ps lifetime in 

the crystalline region is distributed from (1.30 to 1.53 ns at 50 oC), (1.34 to 1.58 ns at 100 oC), 

(1.30 to 1.48 ns at 130 oC), (1.34 to 1.58 ns at 150 oC), (1.30 to 1.53 ns at 200 oC) and (1.30 to 

1.53 ns at 250 oC) with a maximum at 1.40, 1.44, 1.38, 1.43, 1.38, and 1.43 ns, respectively. On 

the other hand for the doped PTFE with glass, the o-Ps lifetime in the crystalline region is 

distributed from (1.58 to 1.81 ns at 50 oC), (1.43 to 1.69 ns at 100 oC), (1.48 to 1.69 ns at 130 
oC), (1.30 to 1.53 ns at 150 oC), (1.30 to 1.53 ns at 200 oC) and (1.30 to 1.53 ns at 250 oC) with a 

maximum at 1.69, 1.58, 1.58, 1.43, 1.40, and 1.38 ns, respectively. The scale at the top of Fig. 

[5] ordinate is the open volume hole size in which the o-Ps is trapped [calculated using Eq. (1)] 

and the equations described by Liu et al. [23]. It is clear from the figure that, the distribution of 

free volume in the crystalline region did not show systematic trend as the temperature increases 

for the pure PTFE while the distribution of free volume shifts from a large to a smaller size as 

the temperature increases for the doped PTFE with glass.  

Figure (6) shows the o-Ps lifetime distributions in the amorphous region at 50, 100, 130, 

150, 200 and 250 oC for the pure and doped PTFE with glass. For the pure PTFE, the o-Ps 

lifetime in the amorphouse region is distributed from (3.89 to 4.45 ns at 50 oC), (4.16 to 4.75 ns 

at 100 oC), (4.45 to 4.91 ns at 130 oC), (4.30 to 4.91 ns at 150 oC), (4.45 to 5.08 ns at 200 oC) and 

(4.75 to 5.43 ns at 250 oC) with a maximum at 4.16, 4.45, 4.60, 4.70, 4.91, and 5.08 ns, 
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respectively. On the other hand for the doped PTFE with glass, the o-Ps lifetime in the 

amorphous region is distributed from (3.89 to 4.45 ns at 50 oC), (3.89 to 4.45 ns at 100 oC), (4.43 

to 4.91 ns at 130 oC), (4.16 to 4.75 ns at 150 oC), (4.45 to 4.91 ns at 200 oC) and (4.60 to 5.08 ns 

at 250 oC) with a maximum at 4.16, 4.16, 4.60, 4.45, 4.75, and 4.90 ns, respectively.  As the 

temperature increases, the distribution of free volume in the amorphous region shifts from a 

smaller to a higher size for the pure and doped PTFE with glass except the distribution around 

the glass transition temperature for the doped sample. Comparing the free volume distributions 

in the pure and doped PTFE with glass, one can found that the distributions in the doped PTFE 

with glass are broader. This broadened distribution may be due to the filling up the holes with 

glasses particles, which is in amorphous phase. 
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Fig. (6): The o-Ps lifetime distribution in the amorphous region for the pure and doped PTFE 
with glass at different temperatures. The scale at the top ordinate is the open volume 
size in which the o-Ps is trapped. The error bars are within the size of the symbols. 

 
 

Figure (7) shows the variation of the electric conductivity as a function of temperature for 

the pure and doped PTFE with glass. It is noticed that the obtained values of electrical 

conductivity in the pure PTFE is higher than those in the doped PTFE with glass. Also, three 

stages were observed as obtained before [Fig. (2)] with two transition temperatures at 130 and 

210 oC for the pure PTFE and 110 & 210 oC for the doped PTFE with glass. The activation 

energies for the pure and doped PTFE with glass are summarized in Table (1). It is noticed that 

the activation energies are so small at low temperature range and increases at high temperature 

range. This behavior indicates that, the mechanism of the conduction is thermally activated.  
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Fig. (7): The variation of the DC electrical conductivity, σ  with temperature for the pure and 
doped PTFE with glass. 

 

 

Table (1): The activation energy for pure and doped PTFE with glass at different temperature 

ranges. 

Temperature range Activation Energy for the 

Pure PTFE (eV) 

Activation energy for the Doped 

PTFE with glass (eV) 

T < Tgp or T < Tgd 0.047 0.023 

Tgp or Tgd < T < 210 oC 0.098 0.046 

T > 210 oC 0.168 0.108 

 

 In general, the enhancement in the conductivity at the glass transition temperature was 

earlier explained based on an increase in the mobility values occurring during the crystalline-to-

amorphous phase change of the material. In the literature [24] the approach used to explain the 

temperature dependence of the conductivity in polymers is based either on the empirical Vogel-

Tamman-Fulcher (VTF) [25-27] relation or the Williams-Landel-Ferry (WLF) [28] empirical 

relation for polymer relaxation processes. The possible relationships between these empirical 

relationships and various free volume models have also been discussed in the literature [29-31].  

The relation between the o-Ps lifetime and the DC electrical conductivity, σ for pure and 

doped PTFE with glass is shown in Fig (8). The pure sample has a larger σ exhibited large o-Ps 

lifetime, τ4 values. As can be shown from Fig. (8), a good linear correlation between the 

electrical conductivity and the o-Ps lifetime, which reflects the size of the free volume, was 

achieved. It was treated by least squares fit to give Ln σ = -31.63 + 1.28 τ4 with a correlation 

coefficient r2 of 0.89 for the pure PTFE, and Ln σ = -30.09 + 0.52 τ4 with a correlation 

coefficient r2 of 0.87 for the doped PTFE with glass. The correlation of the positron lifetime 

measurements with electrical conductivity measurements enables quantitative studies of 
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technologically important phenomena such as electrical compensation, light absorption and 

photoluminescence.  

 
 
 

 

 

 

 

 

 

 

 

 

 
 
 
Fig. (8): The correlation between the electrical conductivity, σ and the o-Ps lifetime, τ4 for the 

pure and doped PTFE with glass. 
 

IV. Conclusions: 

 From what has been discussed, one can draw the following conclusions: 

1. The data clearly revealed the glass transition temperature for the pure and doped PTFE with 

25 % glass. 

2. The shift of the glass transition temperature to lower values is due to the filling of the free 

volume with glass in PTFE indicating that the degree of crystallinity is decreased, which is 

consistent with the wide-angle X-ray scattering data.  

3. Increasing of the thermal expansion coefficient value for doped PTFE with glass indicates 

the decreasing of the degree of crystallinity due to the filling of PTFE with glass. 

4. A correlation between the macroscopic electrical properties and microstructure free volume 

properties of the materials has been experimentally given. 
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