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1 INTRODUCTION 

Fluorinated polymers are niche macromolecules that play an integral role in modern life 1-10. 

Largely due to the properties of fluorine (including, among others, large electronegativity, low 

polarizability, and small van der Waals radius (1.32 Å)) and to the strong C−F bonds (485 

kJ·mol−1), they exhibit unique and remarkable attributes. Their applications span engineering 

thermoplastics and high performance elastomers for the chemical-process, automotive, and 

aeronautics industries, weather-proof coatings, biomedical materials, membranes for use in Li-

ion batteries, fuel cells and water purification, and many more 2-6,11-15. 

Among the fluoropolymers, PTFE (the homopolymer of tetrafluoroethylene) and its marginally 

modified derivatives rank first, comprising some 60 % of the total international fluoropolymer 

market in 2015 16,17, with a global production increase of ca. 7 % per annum. These polymers, 

both high-molecular-mass materials and waxes, are chemically inert, hydrophobic, and exhibit 

superb thermal stability as well as an exceptionally low coefficient of friction. Numerous 

companies, such as 3M/Dyneon, 3F, Asahi Glass Corp. (now AGC), Chemours (formerly part 

of E.I. du Pont de Nemours and Company, hereafter collectively referred to as 

DuPont/Chemours), Daikin, Gore, Juhua, Solvay Specialty Polymers, Zeus, etc., produce TFE 

homopolymers. These polymers find use in applications ranging from coatings and lubrication to 

pyrotechnics, and extensive industries (electronic, aerospace, wires and cables, as well as textiles) 

have been built around them. 

In 1938, Plunkett 18 pioneered the polymerization of tetrafluoroethylene (TFE) under 

autogenous pressure at 25 °C. The gas was found to autopolymerize at 25 °C, and produced 

white, dusty powders. The gas was also found to polymerize to foam-like, low-molecular-weight 

waxes in the presence of AgNO3 and AgNO3 / MeOH mixtures. Plunkett’s patent also 

contained the first known report of PTFE depolymerization, stating that the substance formed 

in the presence of AgNO3 decomposed to TFE, leaving behind only a small amount of proper 

polymer. 

Brubaker 19 subsequently published, comprehensively, the method for free radical suspension 

polymerization of TFE in an aqueous medium, using alkali or ammonium persulfate (at 0.1 % 

mass basis or 0.3 % mol basis) as well as an alkaline buffer (0.5 to 1 % by mass of TFE). 

A large number of publications on the homo- and copolymerization of TFE followed (cf. 13,20-36), 

spanning processes such as free-radical-, coordination- 37, and electrochemical polymerization 
38,39, with even plasma-type polymerization being reported 40-43. So far, a little over 3000 

publications have been logged in the publically accessible databases. Figure 1 summarizes the 
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(twice the C-C bond length in PTFE), the cross-section of the TFE repeat unit in the polymer, 

and the radius of the cage around the macroradical in which a mutual recombination reaction 

can occur, respectively. 

The implication of Equation (1)  is that, for mutual recombination, there is no independent 

termination constant and the effective termination constant is a function of the propagation 

constant, as well as the monomer concentration. 

Measurement of the propagation and termination parameters are somewhat difficult, but there 

are scattered reports in the literature. Plyusnin and Chirkov 104 estimated the elementary rate 

constants for free-radical suspension polymerization in water at 40 °C by measuring the active 

chain-end concentrations using 2,2,6,6-tetramethyl-4-piperidinol and found the rates of 

propagation and dead-end termination (kp and kt) to be 7400 and 74 L·mol-1·s-1 at 40 °C, 

respectively. Markevich et al. 86 determined an activation energy of 39 kJ·mol-1 for the 

propagation constant (kp) between 0 and 100 °C. These authors also found that the mutual 

recombination cage radius for a PTFE macroradical varied from 1 to 5 Å over the range from 0 

to 100 °C. 

3.3.2 Kinetics of dispersion free-radical polymerization 

The intrinsic kinetics of dispersion polymerization is the same as for suspension polymerization, 

and the polymerization still bears a heterogeneous character. Kim et al. 53 reported the effects of 

the polymerization conditions on the molecular weight of PTFE produced by dispersation under 

a continuous TFE dosing regimen. The observed kinetics of dispersive TFE 

homopolymerization is closely tied with the mechanism of polymer- particle formation 

(discussed in Section 7.2.4) and is divided into a nucleation phase and a particle growth phase:  

The nucleation phase is observed as an induction period, which may last as long as 40 minutes 

(though normally it lasts around 5 minutes) and is dependent on the shear rate and free surface 

area in the reactor (which in turn is dependent on the agitation speed). During this induction 

period, the rate of polymerization increases to a plateau value, which is determined by the 

reaction conditions and the hydrodynamics of the reactor. The plateau area is reached essentially 

when the formation of polymer nuclei is halted (whether due to initiator depletion or due to 

depletion of the surfactant). The particle growth phase is noted as a steady, plateaued rate of 

polymerization, which continues until either monomer diffusion to the macroradical becomes 

the rate-limiting step, or the mass of polymer in the reactor reaches the threshold where 

agglomeration takes place. Particle consolidation results in a decreased reaction-surface area, 

which concomitantly, causes a drop in reaction rate. Kim et al. 53,105 demonstrated that, for 
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dispersion polymerization under non-agglomerating conditions, at least two different kinetic 

regimes are at play, viz. gas-liquid- and gas-solid diffusion controlled reactions, and that the rate 

of polymerization is a strong function of the number of nuclear polymer particles. These authors 

did not publish the values for the reaction constants. 

Punderson 95 reported that, for dispersion polymerization, the space-time yields are a strong 

function of both the surfactant concentration and the surfactant dosing regimen. For dispersion 

polymerization using a single initial dose, the typical space-time yields are around 355 g·L-1·h-1 

and when using a delayed dosing regimen, the typical space-time yields are below 200 g·L-1·h-1. 

3.3.3 Kinetics of supercritical CO2 mediated free-radical polymerization 

Xu et al. 106 reported that the rates of polymerization of TFE in a supercritical CO2 medium 

conforms to the behavior expected from homogenous polymerization (i.e., it follows Tobolsky’s 

law 102,103). They found TFE polymerization took place homogenously within the supercritical 

fluid and termination by mutual recombination occured readily, resulting in precipitation of the 

polymer from the fluid. These authors found apparent kp·kt
-0.5 values of 0.38 (at 35 °C) for the 

homopolymerization of TFE in supercritical CO2. These values are markedly lower than those 

for aqueous polymerization (ca. 860).  

3.3.4 Gamma radiation induced free-radical polymerization 
Tabata and coworkers extensively investigated the radiation induced polymerization kinetics of 

TFE in solution 107, bulk liquid and in the solid state (i.e., polymerization in frozen TFE). They 

found that in-source polymerization in bulk liquid and solution proceeds without any noticeable 

termination step in the initial stages of reaction, with the conversion being a strong function of 

dose rate. The propagation constants for post-polymerization is a strong function of temperature 

with the activation energy for post-polymerization being 4 times higher than the in-source 

activation energy. 

3.4 Conclusion 

TFE may be polymerized by either suspension-, emulsion-, or supercritical CO2 modes, and the 

procedure may be conducted either batch, semi-batch or continuously, with semi-batch using 

continuous dosing of TFE as the preferred industrial method.  

Essentially, in any real-solvent mediated TFE polymerization, the kinetics are governed by 

monomer diffusion, either into the reaction medium, or through the reaction medium to the 

PTFE macroradical. Some reaction kinetics have been reported, but there remains a dearth of 

information on the temperature dependence of the propagation and termination rates.  
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Furthermore, fluorine radicals may be generated by heating certain metal fluorides like CrF3 and 

AgF2 in the presence of TFE, and polymerization may be initiated in this manner to produce a 

high polymer 112. At the opposite end of the spectrum, XeF2 initiates TFE polymerization at 25 

°C via low temperature release of F• 113. 

4.2 Organic free-radical generating initiators 

Organic free-radical generating initiators have been the mainstay for commercial PTFE. Organic 

peroxides are the most common initiators used. Since nearly all PTFE production occurs in 

aqueous medium, those compounds that can dissolve well in water are most preferred, with 

disuccinic acid peroxide and diglutaric acid peroxide being the most cited initiators. Water 

insoluble compounds such has benzoyl peroxide can be utilized in suspension polymerization, 

but their application is limited to situations where organic solvents or water/organic biphasic 

systems are employed. 

The selection of initiator is based primarily on solubility and half-life, but there are limitations on 

the chemistry of the initiators owing to the possibility of atom transfer from the initiator to the 

fluoromacroradicals. Lauroyl peroxide is an example of an organic initiator that also acts as a 

CTA.   

Importantly, azo-initiators have been found ineffective in initiating TFE polymerization. 

Azobisisobutyronitrile (AIBN) and similar initiators did not produce any polymer at all, 

irrespective of their concentration or reaction temperature. 

Normally, organic peroxydicarbonates, such as bis(tert-butylcyclohexyl) peroxydicarbonate do not 

initiate TFE polymerization. Scoggins and Mahan114 demonstrated that organic 

peroxydicarbonates, specifically di(saturated hydrocarbyl)s with carbon atom counts of 1 to 4, 

can initiate such a polymerization of TFE, either carried on finely divided PTFE powder or as 

neat powders with no solvent. With diisopropyl and di(sec-butyl) peroxydicarbonates, PTFE was 

obtained in good yield. 

4.3 Free-radical generating redox initiators 

Myers 33 indicated that when using a redox initiator with TFE systems, a redox system 

comprising an organic peroxide, a divalent metal promoter, and a reducing agent gives the 

highest polymerization rates. While nickel, copper, cobalt, manganese, and iron salts/complexes 

may be used, iron compounds are the most preferred promoters 115. Although most inorganic 

metal salts may be used, organic salts and chelates with the ability to dissolve well in the 

polymerization medium, as well as the monomer, are ideal. Therefore metal compounds of 

perfluorocarboxylic acids are preferred. Any of a number of reducing agents may be employed, 
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Other inorganic initiators include neat, anhydrous CsF 135 in contact with TFE gas at 

temperatures in the region of 150 °C. This reaction can produce both PTFE waxes and high 

polymer with properties comparable to PTFE obtained by free-radical mechanisms. 

4.8 Ziegler-Natta catalysts 

The patent literature37,136 also reports the co-ordination polymerization of TFE and other 

perfluorinated monomers using tri-isobutyl aluminum (5 mmol·L-1) and titanium tetrachloride 

(10 mmol·L-1) in iso-octane. 

4.9 Conclusions 

TFE can be polymerized via free-radical, electrochemical, and coordination methods. Free-

radical polymerization may be initiated with well-known substances such as persulfates and 

organic acyl peroxides. In particular, numerous water soluble organic peroxides, such as 

disuccinic acid peroxide, have been developed. Fluorinated organic initiators have been specially 

synthesized by commercial entities, permitting polymerization of TFE in fluorinated solvents. 

Photochemical initiation as well as a variety of special inorganic initiators have also been 

investigated for use with TFE. Initiator chemistry is all important for the thermal and chemical 

stability of the end-groups, which in turn, to a large extent determines the thermal and chemical 

stability of PTFE. Coordination polymerization is under-represented in the literature and 

presents an interesting avenue for further research. 

 

Table 2: Initiators generating rdicals used in the polymerization of TFE. 

Initiator Structure CAS No: Reference 

Ammonium persulfate 

 

7727-54-0 
19-21,30-

32,36,53,108,110 

Sodium bisulfite / 

FeSO4 
NaHSO3 / FeSO4 7631-90-5 30,32,108 

Potassium persulfate / 

FeSO4 
K2S2O8 / FeSO4 7727-21-1 137 

Hydrogen peroxide  7722-84-1 19-21 

Benzoyl peroxide 

 

94-36-0 22 
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Trimethylamine oxide 

 

1184-78-7 23 

Disuccinic acid 

peroxide 
 

123-23-9 25,31,101 

Monosuccinic acid 

peroxide 
 

3504-13-0 25 

Diglutaric acid peroxide 

 

10195-54-7 25 

Diisopropyl 

peroxydicarbonate 
 

105-64-6 114 

Di(sec-butyl) 

peroxydicarbonate 
 

19910-65-7 114 

Perfluorodipropionyl 

peroxide 
 

356-45-6 27 

Di(perfluoro-2-methyl-

3-oxahexanoyl) 

peroxide  
56347-79-6 26,109 

bis(3-chloro-2,2,3,3-

tetrafluoro-1-

oxopropyl) peroxide  

88505-66-2 35 

Bis(perfluorotert-

butyl)peroxide 
 

927-84-4 138 

t-butyl peroxybenzoate 

 

614-45-9 33 

Bis(trichloroacetyl) 

peroxide 
 

2629-78-9 139,140 
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cost, and it should not boil at such a high temperature that it cannot be readily removed from the 

product polymer. The polymerization of TFE, as practiced by DuPont/Chemours, prefers the 

use of solvents with a boiling point no higher than 150 °C, but preferably no higher than 100 °C, 

and no lower than 20 °C 109.  

5.2.1 Solvents for free-radical polymerization of TFE 

Radical telomerization of fluorinated monomers have been extensively reviewed by Ameduri and 

Boutevin 7, and they indicate a large number of solvents may be employed. However, owing to 

the electron-withdrawing effects of fluorine, the radical chain ends of the fluoromacroradical are 

highly electrophilic and proton transfer occurs readily between the macroradical and 

conventional polymerization solvents 101. Therefore, hydrocarbon solvents cannot be used for 

the synthesis of perfluorinated high polymers by free radical mechanism. 

Of the conventional solvents employed in polymer synthesis, only water seems to be completely 

inert toward the radicals of fully fluorinated monomers. 

Other solvents that are inert toward fluorinated monomers include various liquid 

perfluorocompounds, such as perfluorohexane, perfluorocyclohexane and perfluorodecalin as 

well as various chlorofluorocarbons (specifically chlorofluoroalkanes of 1 to 2 carbons in length). 

The most preferred chlorofluorocarbon solvent is Cl2FC-CClF2 (Freon 113 or R113) 27.  

Hydrofluorocarbons (such as HFC-4310) or hydrochlorofluorocarbons may also be employed, 

and hydrofluoroethers 26, hydrofluoropolyethers 155, and perfluoropolyethers are currently being 

investigated as polymerization media for  polyfluorinated monomers. 

Another option to be considered is the use of biphasic systems of fluorinated solvent (such as 

R113) and water (done in conjunction with emulsion polymerization using fluorinated 

surfactants). In particular, it has been reported 155 that fluoropolyethers with hydrogenated end-

groups may be used as the hydrophobic solvent. The Ausimont company (now Solvay Specialty 

Polymers) has also indicated that highly-branched, short-chain hydrocarbons such as 2,2,4-

trimethylpentane will not act as a CTA if used in a biphasic system with water 156. However, the 

examples given in the patent are not sufficiently convincing. 

Other fluorinated solvents, which may be used by themselves, or as part of a biphasic system, 

include perfluorinated cyclic tri-substituted amines without any N-F bonds, such as perfluoro-N-

methylmorpholine 157, and linear and cyclic perfluoroalkyl sulphides 109.   

Furthermore, liquid inorganic fluorides have also been used in their lower oxidation state as 

solvents for the polymerization reactions 112, with arsenic trifluoride and anhydrous HF being the 
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weights. Furthermore, operating temperature and pressure need to be taken into account when 

designing the reactor system in order to ensure the process operates within safety limits. 

 

Table 3: Solvents employed in the free-radical polymerization of TFE. 

Solvent Structure CAS No.: Reference 

Water  7732-18-5 19 

HF, anhydrous  7664-39-3 112 

CF2ClH 

 

75-45-6 107 

Perfluoro-1,2-

dimethylcyclobutane  
28677-00-1 118 

Perfluoro-1,3-

dimethylcyclohexane 

 

335-27-3 112 

Perfluoro-N-

methylmorpholine 
 

382-28-5 157 

Bis(perfluoro-n-butyl) 

sulfide  

 109 

Formic acid 
 

64-18-6 158a 

Acetic acid 
 

64-19-7 158a 

Sulfuric acid (97 %) 
 

7664-93-9 158a 

AsF3 AsF3 7784-35-2 112 

aSee the section on CTAs for more details. 
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Prior to Berry, attempts were made by Benning 36 to modify existing anionic surfactants for use 

with fluoropolymers, employing fluorinated aliphatic phosphate surfactants. Similar work was 

carried out by ICI, with various perfluorosulfonic acids and their salts 162. Other compounds 

employed as dispersive agents included keto acids and their derivatives (particularly the metal 

salts) 124, hexachlorobicyclo-5-heptene-2,3-dicarboxylic acid (chlorendic acid) and its salts 163, 

tertiary perfluoroalkoxide 96, and perfluoropolyether-based carboxylic acid salts 97. The patent 

literature also claims that tertiary perfluoroalkoxide provide an increase in instantaneous 

polymerization rates over the ordinary monocarboxylic acid salts. It is evidenced from the patent 

literature (e.g. 96,99,100,164) that the preferred method for emulsion polymerization of TFE consists 

of water as solvent, perfluorooctanoic acid (PFOA) as dispersant, and a water-insoluble aliphatic 

hydrocarbon as anti-coagulant (as opposed to using the hydrocarbon by itself as the dispersant). 

Some of the compounds used as dispersive agents in the aqueous emulsion polymerization of 

TFE are summarized in Table 4. However, PFOA and PFOS are toxic, persistent and 

bioaccumulative. 

 

Figure 6: Free surfactant concentration (in mol·L-1) of the lithium salts of the homologous series of 

perfluorinated carboxylic acids from 7 to 10 carbons in length 141. 

The fluorinated surfactants are not a “renewable” resource within the reactor and the 

concentration of free surfactant decreases with polymer yield (that is, reaction time). Depending 

on the starting concentration, an initial, rapid drop in concentration to below the critical micellar 
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Table 4: Dispersive agents used in the aqueous emulsion polymerization of TFE. 

Surfactant Structure CAS No: Reference 

Perfluorodimethylcyclohexane 

 

355-02-2 32 

1,2 - 

Dichlorohexafluorocyclobutane  
356-18-3 32 

1-Chloro-6-

hydroperfluorohexane 
 

307-22-2 32 

1,2 - Dichlorotetrafluoroethane  76-14-2 32 

Perfluorokerosene 

 

 32 

Perfluorocarboxylic acids and 

salts 

 
 

34,53,101,108,110,116,141,160,

171 

Chlorofluorocarboxylic acids   172 

Perfluoropolyether-based 

carboxylic acids 

 
 97 

Perfluoro-n-pentane sulfonic 

acid 
 

 162 

3-Keto pimelic acid 
 

 124 

Chlorendic acid 

 

115-28-6 163 

 

5.5.4 CTAs in TFE polymerization 

CTAs are generally undesirable in TFE polymerization as the electrophilic fluoromacroradicals 

will do its utmost to abstract any atom it can (hydrogen most particularly) to terminate the chain, 

which may result in a low molecular weight polymer sans the thermal- or mechanical properties 

of a TFE high polymer. Ameduri and Boutevin 7 provided some transfer constants for methanol 
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It is important to mention that there is a vast body of literature 7,12 on the telomerization and 

oligomerization of TFE and other fluoromonomers, and these processes extensively employ 

CTAs. The CTAs mentioned here are those that are employed specifically in the processes, 

which result in polymers of TFE and do not amount to the whole gamut of CTAs used with 

fluoromonomers 7. 

5.6 Conclusions 

TFE may be polymerized via free-radical, electrochemical, and coordination methods. The 

PTFE-synthesis process is highly sensitive to factors such as monomer purity and the presence 

of CTAs and one is restricted to a narrow range of solvents. For any kind of polymerization, 

perfluorinated liquids are the solvent of choice, but also water as the most stable and “green” 

solvent. The future of PTFE production may reside in supercritical carbon dioxide as this 

solvent negates much of the problems associated with perfluorinated surfactants as well as the 

concerns over water wastage.  

PFOA and its sodium and ammonium salts are the premier dispersing agent for emulsion 

polymerization if aqueous systems are used, although there are numerous other surfactants 

available. However, these surfactants are bioaccumulative, toxic and persistent170 and have been 

banned in 2015. Hence, research into more environmentally benign surfactants, such as partially 

fluorinated polyethers, is undergoing a fast development, but it remains to be seen if there will be 

any implementation of these surfactants in industry. 

 

6 TELOMERIZATION AND REVERSIBLE-DEACTIVATION 

RADICAL POLYMERIZATION OF TFE 

6.1 Telomerization of TFE 
The preceding discussion focused on the conventional free radical polymerization of TFE to 

produce high-molecular-weight PTFE. The telomerization of TFE is not strictly related to the 

production of high-molecular-weight PTFE, but the radical chemistry for both processes are 

nearly identical, and an understanding of telomerization may aid in elucidating the reaction 

mechanisms of TFE polymerization. 

Ameduri and Boutevin7 have reviewed the telomerization of fluorinated monomers. 

Telomerization of TFE has been extensively studied in the context of the initiation pathways, 

viz., redox-, photochemical-, thermal-, electron beam-, and free radical initiation; the last one 

being the most used by far. 
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Figure 8: Differential-molecular-weight-distribution curves for Teflon® 6 and 7A, obtained by viscoelastic 

spectroscopy 204.  

Little is known in the literature about the weight-average molecular weight (Mw) of PTFE. Wu 204 

reports the Mw of commercial and specially synthesized PTFE determined using rheological 

methods, indicating that Teflon® 6 and 7 resins, both having a Mn of ~107 g·mol-1, exhibit a 

dispersity of 3.58 and 2.76, respectively. Tuminello et al. 205 reported Mw values for specially 

synthesized PTFE, but does not give details of the synthesis method, so a comparison of 

dispersities as a function of polymerization conditions cannot be made. 

Felix et al. 93 indicates that the dispersity of PTFE may be controlled to a certain extent by 

playing with the partial pressure of TFE during the polymerization reaction and by decreasing 

the partial pressure during the run, the dispersity may be broadened significantly. As stated in 

Section 3.3, there is a dearth of literature on the reaction kinetics and the effects of temperature 

and pressure on the dispersity of PTFE. Figure 8 compares the differential-dispersion curves 

obtained from rheology for commercial PTFEs. 

 

7.2 Morphology 

The discussion here summarizes the structure of PTFE as polymerized in terms of the chain 

arrangements, the microparticle structure, and the structure of bulk particles. The micro- and 

macrostructure of PTFE post-sintering and post-shaping, that is, the morphology of bulk 
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articles, has already been discussed in several reviews 2,4,206, particularly relating to the effects 

thereof on the mechanical properties of PTFE. 

 

Figure 9: Helical chain structure of PTFE in phase II crystal form (reprinted with permission from 

Elsevier) 207. 

7.2.1 Microstructure of PTFE 

PTFE synthesized via free radical polymerization is always obtained as a linear chain. There are 

no branches and no loop structures as backbiting cannot occur with a fully fluorinated polymer 

backbone 21,153. The PTFE chain adopts a helical structure (shown in Figure 9), and the polymer 

crystallizes in a hexagonal crystal arrangement. The helical structure itself is due to lone pair – 

lone pair repulsion between the fluorine atoms on adjacent CF2 units. The helical conformations 

seem  not to be a function of polymerization conditions, but rather a function of the temperature 

and pressure under which the polymer is studied 2,207.  

PTFE may exist in one of four crystal phases (the phase diagram is shown in Figure 10), with 

phase I being the most common, followed by phase IV and then phase II. In phase I, the PTFE 

helix adopts a 13/6 conformation (this means 13 CF2 units taking part in 6 full rotations about 

the carbon axis to return the fluorine atoms to the starting coordinates), and it adopts a 15/7 

conformation in phase IV. Phases I and IV are the commonly observed crystal phases for PTFE 

as they occur at atmospheric pressure and ambient temperatures. Phase II is encountered usually 

at sub-ambient temperatures, while phase III is encountered only at high pressures.  
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Figure 10: Pressure-temperature phase diagram for the crystal structure of PTFE (reprinted with 

permission from Elsevier) 207. 

Importantly, the helical structure imparts a stiff, rod-like character to the polymer chain, and, as a 

result, the polymer crystallites are expected to consist of an assemblage of large regions of long, 

straight, and ordered chain packing. Diffraction studies have shown that this is indeed the case, 

and that all PTFE crystallites adopt this arrangement 208. This is the main reason for the high 

crystallinity observed in both virgin and sintered PTFE. PTFE produced by other methods of 

initiation may differ in microstructure, with PTFE synthesized via gamma radiation initiation of 

TFE in the solid state exhibiting branching similar to what is observed in electron-beam 

irradiated PTFE 125,209-212. 

7.2.2 Mesostructure of PTFE 

PTFE exhibits an unusual particle structure in that the polymer is composed of microparticle in 

the form of both spherical- (or cobblestone shaped) and rod-like structures, with the rod-like 

structures consisting of long ranged, highly ordered, directionally oriented crystallite packing 

(being virtual single crystals), and the spherical structures appear to consist of more randomly 

oriented, smaller crystallites (Figure 11) 141,213. Ribbon-like structures 208,214 and hexagonal platelets 
215 have also been observed. 
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Figure 11: Low dose, high resolution, negative contrast electron micrograph of rod-like PTFE particles 

showing the linear nature of the PTFE chains and their ordered long distance packing 213 

(reprinted with permission from John Wiley and Sons). 

These features were first reported by Berry 160, and they are present in both suspension and 

dispersion polymerization products. Berry also indicated that the ratio of rod-like- to spherical 

particles can be tailored by adjusting the concentration of dispersant and initiator, with higher 

concentrations of surfactant delivering a higher percentage of rod-like particles. Furthermore, 

Punderson95 indicated that the charging regime for the surfactant strongly affects the ratio of 

rod-like- to spherical particles, with a polymerization carried out using only a total initial charge 

of surfactant producing more rod-like particles than spherical particles, whereas the continual 

dosing of surfactant produces a higher proportion of spherical particles. 

Kim et al. 105 shed some light on the exact effect the surfactant has on the microparticle 

morphology, indicating that spherical particles predominate when the surfactant is present in 

concentrations below the CMC and that the morphology gradually shifts to predominantly rod-

like particles as the concentration approaches the CMC. Rod-like particles form the vast majority 

of the polymer at concentrations above the CMC.  

Micrographs detailing the particle- and chain structure for the rod-like particles are shown in 

Figure 11, for the spherical particles in Figure 12, and for the ribbon structures in Figure 13. The 

rod-like structures exhibit an approximately triangular cross-section 216 made up of closely packed 

elementary fibrils with an approximate diameter of 6 nm 217. Using the chain diameter of 0.49 nm 

obtained by Chanzy et al. 213, the fibrils are seen to be made up of approximately 12, closely 
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packed, PTFE chains. The preceding arrangements are shown in Figure 14. Luhmann and 

Feiring141 reports that the length-to-width ratio of the rods can vary from unity to well over 

100:1, with the ratio generally increasing with increasing the surfactant concentration. 

The ribbon like structures range is length and width, but appear to be 6 nm in thickness, 

exhibiting an average length of 500 nm and an average width of 250 nm 208. The thickness seems 

to be invariant of the source of the polymer (i.e. the manufacturer). The implication is that, if the 

rod structures are considered as 1D structures or as lines, the ribbon structures are 2D 

extensions, in essence a stacking of rods. The study by Rahl et al. 208, Luhmann and Feiring141 and 

the electron micrographs of Chanzy et al.213 (Figure 12) indicate that the spherical particles are 

nothing more than folded ribbon structures rolled up in a ball. This is illustrated in Figure 15, as 

first proposed by Rahl et al. 208. 

 

Figure 12: Transmission electron micrograph of spherical PTFE particles that has been beam etched at 

200 kV with a cumulative dose of 40 electrons.Å-2 213 (reprinted with permission from John 

Wiley and Sons). 

Examples of the hexagonal platelets are given in Figure 16. PTFE formed from the monomer in 

the solid state (by gamma irradiation125) exhibits an irregular, flaky morphology. The hexagonal 

platelets are observed only in PTFE with very low-molecular-weight or early on in emulsion 

polymerization, but virtually never in suspension polymerization, and they are completely 

different from the other structures observed in PTFE as the polymer chains are arranged 

perpendicular to the basal plane of the platelet. 
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Figure 13: Transmission electron micrograph of a PTFE ribbon taken from emulsion polymerization of 

TFE 208 (reprinted with permission from John Wiley and Sons). 

 

In essence, the hexagons are merely oversized rod structures that have been permitted to expand 

radially by addition of more chains as opposed to the lengthwise expansion via growth of the 

chain 141. 

 

 

Figure 14: Chain arrangements of PTFE in an elementary fibril and fibril arrangement in a rod-like 

particle for PTFE in phase II crystal form (see Figure 10). 
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When PTFE is subjected to a sudden tension while at temperatures near its melting point, PTFE 

elongates rather than breaks. This elongation results in a microporous PTFE commonly known 

as expanded PTFE (or ePTFE). The mesostructural morphology of ePTFE is shown in Figure 

17. Essentially, the expanded polymer mesostructure is composed of partitioned elementary 

fibrils 4. 

 

 

Figure 15: Spherical PTFE particle formation by roll-up of a PTFE ribbon structure 208 (reprinted with 

permission from John Wiley and Sons). 

 

 








































































































