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Polytetrafluoroethylene (PTFE) powder of a high molecular weight ( ~ 107) was drawn by 
solid-state extrusion in the temperature range 100-340 ~ which covers the glass transition 
temperature (125 ~ and the ambient melting point (334 ~ Draw was attainable only above 
100~ The maximum achievable extrusion draw ratio (EDRmax) was almost constant, ~ 10, 
from 100-280 ~ yet increased rapidly with further increasing temperature, reaching a 
maximum of 60 at 330-340 ~ At yet higher temperatures, the drawability was lost due to 
melting. The structure and properties of drawn products were found to be complexely affected 
by extrusion temperature and EDR. For extrusion at 330-340~ near the melting point, an 
effective and high draw was achieved. The crystalline chain orientation function, crystallite 
sizes, both along and perpendicular to the chatn axis, differential scanning calorimetry heat of 
fusion, and flexural modulus increased with EDR and approached a maximum at EDR of 
30-40, depending on the extrusion temperatures. Above a specific EDR, the efficiency of 
draw decreased due to the formation of flaws. The highly oriented PTFE consisted of 
microfibrils of a significantly large lateral dimension ( ~ 45 nm) compared to those (6-20 nm) 
generally found in oriented polymers. The modulus of a drawn PTFE was sensitive to the test 
temperatures, reflecting the reversible crystal/crystal transitions at ~ 19 and 30 ~ The 
optimization of the extrusion conditions resulted in the maximum achieved flexural modulus at 
24~ of 20 GPa at an EDR 40 for extrusion at 340~ 

1. Introduct ion  
Solid-state deformation of semicrystalline polymers 
has been extensively studied to produce high-per- 
formance morphologies by uniaxial and biaxial draw- 
ing [1-3]. I.t has been shown [4] that highly drawn 
polyethylene, polypropylene, and poly(4-methyl-1- 
pentene) of high molecular weights, exhibit tensile 
moduli close to the theoretical values for each of these 
polymers. The morphology of such extreme samples 
has also been studied and reviewed [5-9]. The gel 
spinning/drawing technique [10] of ultrahigh molecu- 
lar weight polyethylene (UHMW-PE),  invented by 
Smith et al., has become an industrial process for the 
production of extremely high modulus/strength fibres, 
3 GPa. More recently, Smith et al. [11, 12] proposed a 
new route to high modulus/strength fibres by ultra- 
drawing of virgin UHMW-PE prepared under con- 
trolled conditions. Independently, we have also shown 
that compacted powders, of virgin UHMW-PE 
[13-15] and polyacrylonitrile [16], in the forms of 
billets and films, were effectively ultradrawn by several 
techniques, including solid-state extrusion [13], coextru- 
sion [14], and two-stage drawing [15] which consists 
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of the first solid-state coextrusion followed by tensile 
drawing. 

Virgin PTFE prepared by emulsion polymerization 
consists of different morphologies, i.e. spherical par- 
ticles, rods [17, 18] and needle-like whiskers [19]. 
Independent of such differences, these particles have 
been shown to be highly crystalline and have a chain- 
extended conformation. Starkweather [20] has 
shown, in his rheological study of PTFE, that continu- 
ous and oriented fibres were produced on solid-state 
extrusion of virgin powder of PTFE. Gee and Collier 
[21] have studied the effect of extrusion conditions on 
the tensile properties at room temperature of ex- 
trudates prepared at 250-300 ~ and having an ex- 
trusion draw ratio (EDR) of 55.8. They concluded that 
the maximum tensile properties at this constant EDR 
were obtained for extrusion at 300~ and at the 
highest pressure of ~ 100 MPa. 

In this work, we have studied theeffects of extrusion 
variables on the deformation behaviour of PTFE 
powder of commercial grades. The structure and 
properties of the initial powder and the resultant 
drawn products have been characterized by several 

6485 



techniques, including wide-angle X-ray diffraction, 
scanning electron microscopy (SEM), differential 
scanning calorimetry (DSC), density, and flexural 
modulus. The complex variations in morphology and 
properties with extrusion temperature and sample 
EDR are discussed. 

2. Experimental procedure 
2.1. Polymer 
The preliminary examination of the drawability of 
four as-received PTFE powders of commercial grades, 
which were provided by Mitsui/Du Pont Fluoro- 
chemicals, showed that the grade 800-J was most 
ductile. Thus, this grade, prepared by suspension poly- 
merization and coagulated at room temperature [22], 
was used throughout this work, otherwise stated. The 
nominal molecular weight was ,,~ 10 v. The as-received 
PTFE powder had an average diameter of ~ 600 pm, 
and density of 2.282 g cm- 3, corresponding to crystal- 
linity of 95%. The melting point, measured by DSC at 
several heating rates and extrapolated to a heating 
rate of 0 ~ min-  1, was 334 ~ The powder was com- 
pression moulded at ~ 10 ~ below the ambient mel- 
ting point (334 ~ and at 100 MPa for 30 rain, into a 
billet 1 cm diameter and 7 cm long. 

2.2. Extrusion drawing 
The compacted powder billets were extruded at con- 
stant temperatures of 25-360 ~ through brass coni- 
cal dies having an included entrance angle of 20 ~ and 
nominal extrusion draw ratio (EDR) of 4-60. No die 
swell was observed on solid-state extrusion. For ex- 
trusion just below the melting point, a pressure of 
20-30 MPa was applied on the billet during heating 
to the extrusion temperature, Te, to suppress melting. 

modes, respectively. The crystallite size, D10o, and 
paracrystalline disorder, g2, perpendicular to the 
(1 0 0) plane (and hence to the chain axis) were deter- 
mined from the integral breadths, Al3(m), of the (1 0 0), 
(2 0 0), and (3 0 0) reflections according to the following 
equation [23] 

[A[3(m) cos 0/k] 2 = (lID 1 o o) 2 + (~r4g4rn4)/(dl o 0) 2 (1) 

where dlo o is the spacing of the (100) plane, m the 
order of reflection, and )~ the wavelength of CuK~ 1 
radiation. The crystallite sizes along the chain axis 
(Doo15) were estimated from the integral breadths of 
the (0015) reflection by Scherrer's Equation [23] 

A~(m) = KX/DhktcosO (2) 

where K is a constant and 1, when the integral breadth 
is used. 

The azimuthal scans for the (1 10) and (0015) 
planes were made using a Rigaku fibre specimen 
holder. Crystalline chain orientation was evaluated 
using the Herman-Stein orientation function, ft. 

Densities of as-received powder and solid-state ex- 
trudates were measured at 23~ by a picnometer 
method using carbon tetrachloride as a filling fluid. 
The crystallinity, Xc, was calculated assuming a 
crystal/amorphous two-phase model, and using 
p~=2 .30gcm -3 [24] and p a = 2 . 0 6 g c m - 3  [25]. 
DSC measurements were made on a Seiko-Denshi 
DSC-10, at heating rates of 1-50~ min -1. Sample 
size was 1-3 mg. Melting and crystal/crystal trans- 
ition temperatures and heats of the transitions were 
calibrated with lead and benzoic acid. 

Flexural modulus was determined from the initial 
slope of the stress/strain curve measured on a Tensilon 
tensile tester UTM-100 at 14, 24, and 35 ~ and at a 
strain rate of 10 -3 s -a. SEM observations of the 
surface produced by fracture in liquid nitrogen were 
made on a Hitachi S-2400. 

2.3. Tes t ing  
Wide-angle X-ray diffraction (WAXD) photographs 
were recorded at 14, 24 and 40~ on a flat plate 
camera with nickel-filtered CuK~ radiation generated 
at 40 kV and 30 mA. Diffractometer scans were made 
at 22 ~ on a Rigaku Geigerflex RD-III A, equipped 
with a pulse height discriminator. The intensity was 
collected by step scan at 0.01~ ~ intervals in 20, 
and the counting time was adjusted to accumulate the 
peak intensity of ~ 104 counts. The (h k 0) reflection 
profiles were measured by a symmetrical reflection 
mode, and those of the (00l) were measured by a 
symmetrical transmission method. For the former 
measurements, line collimators of 1/6 ~ (DS), 0.15 mm 
(RS), and 1/6 ~ (SS) were used. For the latter, line 
collimators of 0.05 mm (first), 0.15 mm (second), and 
0.15 mm (third) were used. The observed profiles were 
corrected for the broadening due to the instrumental 
conditions and K=I and K~2 radiations, by using the 
Stoke's deconvolution method and Jones' curve-fitting 
method [23]. The standard materials used for these 
corrections were the NBS standard silicon powder 
and a pure aluminium plate (99.99% purity and an- 
nealed at 360 ~ for the reflection and transmission 

3. Results and discussion 
3.1. Extrusion draw behaviour 
The compacted powder billets were white and opaque. 
The bulk density of the billets was close to the density 
of the powder, showing that most of voids were re- 
moved during compaction of the powder at 325 ~ 
and 100 MPa. Further, X-ray diffraction showed no 
selective chain orientation in the initial billets. These 
billets were extruded at constant temperatures of 
25-360~ which covered the Tg (125~ and T m 
(334 ~ of the original powder. An efficient draw was 
attainable between 100 and 340 ~ For extrusion at 
temperatures below 100 ~ the extrudates exhibited 
shear fracture. At To >/350~ the efficient draw- 
ability of the as-received compacted powder billet was 
lost, and only helical extrudates were obtained, due to 
melting of the billet, as revealed by the appearance of a 
lower melting peak at 324~ on the DSC thermo- 
grams of the residual portion of the billets removed 
without extrusion. It should be mentioned, here, that 
recently Wadden and Keller [26, 27] have found a 
narrow temperature window of smooth extrudability 
for high MW PE in the melt. In this work, however, as 
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the extrusion of PTFE slightly above the T m gave no 
uniform extrudates, we have not studied further the 
extrusion behaviour of PTFE from the melt. Fig. 1 
shows the maximum achieved EDR (EDRm,x) as a 
function of extrusion temperature, T~. The EDRm,x at 
T, = I00 ~ was ~ 10, and remained at this level up 
to a To of 280 ~ For extrusion at Tc > 280 ~ the 
ductility increased markedly and an EDRm, x of 60 
could be attained at 330 and 340 ~ near the Tin. 

A high ductility of the virgin PTFE powders has 
previously been reported by Starkweather [20] and 
Gee and Collier [21]. This is likely related to the 
specific morphology of the powder which has been 
shown to be highly chain extended and crystalline 
[17-19]. Aharoni and Sibilia [28] reported that solid- 
state extrusion for a number of melt-crystallized poly- 
mers was possible only at temperatures above a 
reversible crystal/crystal transition, because the mo- 
lecular motion in a crystalline phase increases above 
such a transition. PTFE exhibits several such trans- 
itions below its melting point. It takes a triclinic cell 
(136 helix, Type II) below 19 ~ hexagonal (157 helix, 
Type IV) at 19-30 ~ and pseudo-hexagonal (Types I 
and I') above 30~ and below the T m. The helical 
conformation of the Types I and I' above the 30 ~ 
transition becomes increasingly irregular with increas- 
ing temperature by the introduction of increasing 
number of gauche conformers [29, 30]. Further, the 
translational displacement along the chain axis in- 
creases gradually with temperature [31], and then 
more rapidly > 125 ~ due to the loss of the order in 

this chain direction, as revealed by WAXD [29, 30] 
and broad-line NMR [31]. 

The drawability of PTFE shown in Fig. 1, was not 
significantly affected by any of the reported crystal/ 
crystal transitions at about room temperature, and 
rapidly increased with temperature only above 280 ~ 
up to the melting point. This indicates that the high 
ductility of PTFE near the melting point is generally 
related to the significantly increased chain mobility 
[30, 31] and the rapid increase of the chain separation 
above 260 ~ [20]. Gee and Collier [213 reported that 
the PTFE powder that they used could be drawn to an 
EDR of 55.8 at a T e between 250 and 300 ~ and at 
Pe ~< 100 MPa. The EDRm,x at T~ = 250~ in our 
experiment was only 12, remarkably lower than the 
EDR achieved by them [21]. In this work, extrusion at 
higher EDR resulted in the products with shear frac- 
ture. The drawability, in general, is known to be 
affected by several extrusion variables, including ini- 
tial morphology, molecular weight, applied pressure, 
use of lubricant, bulk density of a billet, etc. Although 
the details of their extrusion conditions and sample 
are not known, the morphology of samples is likely the 
major reason for the significant difference in the 
ductility at 250~ observed in this and their [21] 
experiments. As stated initially, indeed, we have also 
found that the four commercial grades of PTFE pow- 
ders examined exhibited different drawability depend- 
ing on the preparation conditions. 

Fig. 2 shows the WAXD patterns recorded at 24 ~ 
for an EDR series prepared at 330 ~ The crystalline 
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Figure 1 Maximum extrusion draw ratio, EDR . . . .  as a function of temperature for solid-state extrusion of PTFE powder billets. The crystal 
forms at different temperatures are also indicated. 
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Figure 2 WAXD patterns for a compression-moulded powder billet (a), and for extrudates of EDR (b) 6, (c) 20, and (d) 60, recorded at 24 ~ 
Extrusion was made at 330~ 

orientation functions, fc and f , ,  for the chain axis and 
the a-axis, respectively, are plotted in Fig. 3, as a 
function of EDR for the extrudates prepared at 
100-340 ~ As shown, the chain orientation function, 

fc, increased rapidly at lower EDR at each T e. How- 
ever, the crystal chain orientation proceeded more 
rapidly at higher Te. For extrusion at T, = 330 ~ fr 
approached unity at an EDR of 20, yet at higher EDR 
( > 30 40), it decreased significantly. This is found to 
be due to the formation of flaws, as observed under an 
optical microscope. For  extrusion at T~ = 340 ~ f~ 
increased in the same way as at Te = 330 ~ below an 
EDR of 20, and stayed almost at unity between an 
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EDR 20 and 40, and then it decreased only slightly to 
an EDR of 60. These observations, in agreement with 
other structural features to be described later, show 
that the generation of flaws in solid-state extrusion of 
P T F E  powder is suppressed at higher temperatures, 
owing to the increased chain mobility [30, 31] and 
chain separation [20] as discussed above. 

Fig. 4 shows scanning electron micrographs of as- 
received PTFE powders and surfaces produced on 
fracture in liquid nitrogen for an EDR series prepared 
at 330 ~ The original powder of ~ 600 ~tm diameter, 
contains a fraction of smaller particles of 0.2-1 ~tm 
(Fig. 4a). At an EDR of 6, the initial powder has 
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Figure3 Crystal orientation functions, (Q), O, [~, ~)f~ and 
(O, II, A)fa, as a function of EDR for extrusion at (~ ,  A) 100 ~ 
(D, III) 300 ~ (O, 0 )  330 ~ and (Q) 340 ~ 

already transformed into an oriented fibrillar morpho- 
logy (Fig. 4b). With increasing EDR, fibrillation and 
orientation of fibrils proceeded rapidly, as shown in 
Fig. 4c and d. The fibrils that connect laterally the 
well-oriented fibrils were likely formed during fracture 
of the extrudates, because the WAXD patterns showed 

no existence of such components. A similar fibrillar 
structure was also found in the irregular extrudates 
with flaws prepared at room temperature. 

3.2. Melting characteristics and crystallinity 
Fig. 5 shows DSC thermograms for an EDR series 
prepared at 330 ~ The heating rate was 5 ~ rain-1. 
The DSC melting curve of a compacted powder billet 
was identical to that of the initial powder. On ex- 
trusion at a low EDR of 6, the melting peak broad- 
ened and the peak temperature, T m, shifted lower. To 
examine the  effect of heating rate on the melting 
behaviour, DSC scans were made at heating rates of 
1 -50~  -1 on the original powder, and on two 
extrudates with an EDR 6 and 30. Fig. 6 shows the T m 
for each sample, which shifted to a higher temperature 
with increasing heating rate. Both the original powder 
and a drawn extrudate of an EDR 30 exhibited mar- 
ked superheating compared to the sample with a 
lower EDR of 6. However, the trend with heating rate 
for each EDR was not affected, suggesting no import- 
ant structural reorganization took place during DSC 
scans in these samples. Thus, the effects of Te and EDR 
on the Tm and heat of fusion of extrudates were 
determined at a heating rate of 5 ~ min-1, and are 
shown in Figs 7 and 8, respectively. Independent of ir e 
(100-340 ~ the T m decreased initially and then re- 
covered gradually at EDR > 6. It is noted that the Tm 

Figure 4 Scanning electron micrographs of (a) as-received powder, and the surfaces produced by fracture of extrudates in liquid nitrogen for 
EDR (b) 6, (c) 20, and (d) 60. The draw direction is shown by the arrow. 
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Figure 6 DSC melting peak temperature measured as a function of 
heating rate for (O) as-received powder, and extrudates of EDR (�9 
6 and (A) 30. 

for extrusion at Te = 330 ~ decreased significantly at 
high EDR > 30 (Fig. 7). In contrast, no such decrease 
in Tm at higher EDR was observed at Te = 340 ~ 

The heat of fusion, shown in Fig. 8, changed com- 
plexely with T~ and EDR. For  extrusion at high tem- 
peratures of 330 and 340 ~ the variations with EDR 
are similar to those found in T m (Fig. 7). However, the 
heat of fusion for extrusion at the lowest temperature 
of 100~ exhibited no significant decrease at low 
EDR, where a marked reduction was found for ex- 
trusion at higher temperatures approaching the T~. 
Such reductions in Tm and heat of fusion at low EDRs 
were previously found also in solid-state extrusion of 
ultrahigh molecular weight polyethylene reactor p o w -  
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Figure 8 Heat of fusion as a function of EDR for extrusion at (A) 
100, (0) 330 and (IZ) 340 ~ 

der [15]. In this case, such behaviour was interpreted 
as due to the introduction of defects or destruction of 
the initial crystals. However, it is not clear why the 
heat of fusion showed no such decrease at low EDRs 
for extrusion at 100 ~ in spite of the decrease in the 
T m. One possibility may be due to the different defor- 
mation mechanisms at a low (Te = 100 ~ and high 
(330 and 340~ temperatures near the Tin. Indeed, 
Sadler and Barham 1-32-34] concluded that when 
drawing of PE was made above a critical temperature, 
melting followed by recrystallization in an oriented 
structure occurred, in their recent studies on the neck 
deformation of H D P E  by small-angle neutron 



scattering. However, below that temperature, the 
chain slippage in the crystalline state was a predomin- 
ant mechanism for the deformation. The deformation 
by the latter mechanism may not cause a significant 
decrease in crystallinity. 

The variation of crystallinity on draw has also been 
studied by the sample density measured as a function 
of EDR. Fig. 9 shows density (crystallinity) as a func- 
tion of EDR for extrusion at Te = 330 ~ The original 
powder had a density of 2.282 gcm 3, corresponding 
to a high crystallinity of 93%. Although the morpho- 
logy of suspension-polymerized PTFE has not been 
well studied, such a high crystallinity of the present 
sample is consistent with the previous studies on the 
emulsion-polymerized virgin PTFE [17-19]. The 
density decreased sharply at the initial draw ( <  6), 
and then increased gradually in the higher EDR range, 
approaching a constant of 2.282 g cm- 3 at an EDR of 
30. Such a change in, density is consistent with that 
found in the heats of :fusion measured as a function of 
EDR (Fig. 8). 

3.3. Crystallite sizes and disorder 
The structural change on draw was further studied by 
WAXD. Fig. 10 shows crystallite size along the chain 
direction, Doo 15, as a function of EDR for extrusion 
draw at T~ = 100, 330 and 340~ The compacted 
powder billet (EDR =- 1) showed a Doo ~ 5 of 43.5 nm, 
remarkably smaller than that anticipated from the 
previous electron microscopic studies [17-19] which 
revealed a chain-extended conformation of virgin par- 
ticles prepared by emulsion polymerization. These 
suggest that the initially chain-extended crystals might 
be deteriorated significantly during coagulation of the 
nascent particles and/or the compression mould- 
ing into a billet at a high pressure. This will be dis- 
cussed later. At a low To of 100 ~ the crystallite size, 
Doo 15, decreased abruptly on draw from 43.5 nm for 
EDR = 1 to 34 nm at an EDR of 6. At higher T~s, the 
Door5 increased rapidly in the lower EDR range, 
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Figure 9 Density of extrudates versus EDR for extrusion at 330 ~ 
measured at 23 ~ 
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Figure 10 Crystallite size along the chain axis, Doo 15, versus EDR 
for extrusion at (A) 100, ( 0 )  330 and (D) 340 ~ The Doo 1 s for the 
as-received powder is also shown (11). 

reached maximum values of 75 and 97 nm at Te = 330 
and 340~ respectively, and finally decreased at 
higher EDR. Such a critical EDR was higher for 
extrusion at higher Te, and the corresponding decrease 
in Doo15 was more remarkable at lower Te. The 
increase of D o o 15 with EDR can be a measure for the 
morphological continuity along the fibre axis, as 
found previously in drawn HDPE [35, 36], and will be 
discussed later, in relation to the modulus of drawn 
samples. The reduction in the crystallite size at higher 
EDR can be ascribed to the formation of flaws, as 
mentioned. A similar change with EDR was observed 
in the crystallite sizes perpendicular to the chain axis, 
Dloo, as shown in Fig. 11. The decrease in Dloo was 
most prominent for extrusion at the lowest Te of 
100 ~ For extrusion at higher T~, the D 1 oo increased 
with EDR to a constant value of 45 nm at EDR of 
20-40, remarkably larger than that generally found in 
oriented fibres for a number of polymers, including 
flexible and rigid chain polymers. O'Leary and Geil 
[37] also observed microfibrils of a comparable lateral 
dimension in their electron microscopic study on the 
PTFE surfaces produced by different methods at 
room temperature. The previous electron microscopic 
and X-ray diffraction studies on highly oriented poly- 
mers report the lateral sizes of crystals or microfibrils 
in the range of 6-20 nm, for both flexible and rigid 
polymers. For example, 10-20 nm for PE [35, 36] and 
PP [38], and 6-10 nm for PPTA [39] poly-p-phenyl 
enebenzobisthiazole (PBT) [40] and polyamides [41]. 
Although they are slightly affected by the processing 
conditions, the analysis of the reported data shows a 
tendency that the size is smaller for the polymers with 
a higher chain rigidity and stronger intermolecular 
interactions. PTFE has the weakest intermolecular 
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Figure 12 Paracrystalline disorder versus EDR for extrusion at (A) 
100, (O) 330 and ([E) 340 ~ 

forces among polymers. Thus, the larger lateral crys- 
tallite size of highly drawn PTFE microfibrils (Fig. 11) 
is likely related to the characteristic nature of PTFE 
molecules. 

The paracrystalline disorder perpendicular to the 
chain axis is also shown in Fig. 12 as a function of 
EDR. At T~ = 100 ~ the disorder increased rapidly 
at low EDR. At the highest Tes of 330 and 340 ~ the 
disorder decreased at the low EDR, between 6 and 12, 
and approached a constant of 1.0%-1.1% in the EDR 
range of 12-60. It is interesting to note that the crystal 
disorder in the initial billet is slightly larger than that 
found in the EDR series prepared at 330 and 340 ~ 
Further, the disorder was not affected by the flaws 
at high EDR where the crystallite sizes along and 
perpendicular to the fibre axis both decreased 
significantly. 

3.4. M e c h a n i c a l  p rope r ty  
The modulus of drawn PTFE was found to change 
sensitively with EDR, Te, and the test temperature. 
Fig. 13 shows flexural modulus as a function of EDR 
for extrudates prepared at 330 ~ measured at 14 ~ 
(triclinic phase), 24~ (hexagonal phase) and 35 ~ 
(pseudo-hexagonal phase). At a given test  temper- 
ature, the modulus increased rapidly with EDR in the 
lower range (EDR ~< 30), and reached a maximum at 
an EDR of 30. However, it decreased abruptly at an 
EDR of 40, and then slowly at higher EDR. Such a 
trend in modulus with EDR is consistent with that 
found in the crystallite size along the chain axis, D o 015 
(Fig. 10) which is a measure of the morphological 
continuity along the fibre axis. The DSC data in Figs 7 
and 8 and fe in Fig. 3 are also consistent with the 
variation of modulus with EDR. As discussed above, 
all of these changes at EDR > 30 for T~ = 330 ~ have 
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Figure 13 Flexural modulus as a function of EDR measured at 
(Q) 14 ~ (Type II, triclinic cell), (�9 24 ~ (Type IV, hexagonal) and 
(A) 35~ (Type I, pseudo-hexagonal). The extrusion was made 
at 330 ~ 

been ascribed to the formation of flaws at the higher 
EDR. The generation of flaws, and hence the sharp 
decrease in modulus, was found to be affected by Te as 
will be discussed later (Fig. 14). At a given EDR, the 
modulus was sensitive to the test temperature. The 
maximum achieved ftexural moduli for extrusion at 
T e = 330 ~ were 10, 18 and 28 G P a  measured at 35, 
24 and 14~ respectively, at EDR 30. Nishino [29] 
has shown that the crystal modulus of PTFE drops 
markedly at ~ 19 and 30~ (Ec = 170GPa at 
< 19 ~ and 135 GPa  at > 30 ~ corresponding to 

the reversible crystal/crystal transitions. The crystal 
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Figure 14 Flexural modulus  as a function of EDR for extrusion at 
(A) 100, ( 0 )  330 and (D) 340~ The moduli  were measured at 
24 ~ 

transition temperatures at around room temperature 
in our samples, measured by DSC and WAXD, were 
not significantly affected by the EDR of samples. 

The increase of modulus with EDR was signific- 
antly affected by both Te and EDR, as shown in 
Fig. 14. For extrusion at Te = 100 ~ below the Tg, 
the modulus showed no increase with EDR, although 
the EDR range achieved was limited. However, for 
extrusion at 340 ~ the highest Te giving an effective 
draw, the modulus increased rapidly with EDR up to 
an EDR of 40, which was slightly above the critical 
EDR of 30 for extrusion draw at 330~ As the 
increase of modulus with EDR, below the critical 
EDR, was comparable for extrusion at these two Tes, a 
slightly higher modulus was achieved at Te = 340 ~ 
than at 330 ~ (20 GPa versus 18 GPa measured at 
24 ~ 

Chuah and Porter [42] have studied solid-state 
extrusion of HDPE having a wide range of mor- 
phologies prepared by the combination of crystalliza- 
tion temperatures and pressures. They found that the 
chain-folded crystal morphologies, prepared at rela- 
tively low temperatures and pressures gave an effective 
draw. This was not possible for extrusion of the chain- 
extended crystals, obtained at a high temperature 
(221 ~ and pressure (460 MPa). In the latter sample, 
the deformation proceeded only by slippage along the 
chain axis in the crystallographic (h k 0) planes, produ- 
cing no connectivity along the deformed crystals. 
Thus, they concluded that chain folding is a necessary 
morphological factor in achieving a highly efficient 
draw of HDPE. 

The modulus, as well as other morphological prop- 
erties discussed above, shows that the PTFE powder 
used in this work could be drawn with a fairly high 
efficiency by crystalline-state extrusion up to near the 

ambient melting point. The morphology of virgin 
PTFE has been extensively studied for emulsion poly- 
merized samples. Different types of crystalline par- 
ticles, such as folded ribbons [17, t8], rods [17, 18] 
and needle-like whiskers [19], have been found de- 
pending on the polymerization conditions. It has been 
concluded that all of these crystals have basically 
extended-chain conformation, independent of the ap- 
pearances. In contrast to the emulsion-polymerized 
PTFE, the morphology of suspension-polymerized 
one is not clear. The polymerization of our sample was 
initiated in suspension, but the subsequent reaction 
proceeded actually in a gas phase. Thus, the crystal- 
lization during polymerization might be expected to 
produce more or less chain-extended crystals, as found 
in emulsion polymerization [17-19]. However, the 
present WAXD of the compacted powder billet re- 
vealed a small crystallite size along the chain axis 
(Dool 5 = 43.5 nm) and slightly larger crystal disorder 
perpendicular to the chain axis than in highly drawn 
extrudates (1.2% versus 1.0%). Thus, we have exam- 
ined the Doo 15 value for a compacted powder film of a 
emulsion-polymerized commercial sample (grade 6-J), 
moulded at the same temperature (325 ~ as that used 
for the preparation of a billet from the suspension 
grade (800-J) used in this work. The compacted emul- 
sion grade also showed a small Doo15 of 38nm, 
comparable to that found for the billet of a suspension 
grade (800-J), and remarkably smaller than that ex- 
pected from the morphology of nascent particles 
[17-19]. These features might have resulted from the 
compression moulding of the powders below the Tm 
and/or the coagulation treatment of the nascent par- 
ticles into the as-received powder that we used in this 
work. To examine the first possibility, the as-received 
powders were mixed with a small amount of epoxy, 
and a thin film was prepared. The X-ray examination 
of this film showed a crystallite size, Doo 15, of 22 nm, 
even smaller than that found for the powder billet 
(Dools = 43.5 nm) prepared near the T m. Thus, the 
smaller crystallite size observed by X-ray for the as- 
received PTFE powder is likely related to the signific- 
ant crystal disorder along the chain axis, induced 
during the coagulation process of the initially chain- 
extended, nascent particles. A similarly small crystal- 
lite size has been observed in an as-solution-spun fibre 
of a chain-extended rigid polymer, PBT [26, 27]. 
Further, the efficiency of draw, as evaluated by the 
ratio of the sample modulus/the crystal modulus, was 
significantly lower for the solid-state extrusion of 
PTFE powder than for that of chain-folded HDPE 
crystals [36]. For example, at an EDR 30, the moduli 
of PTFE and HDPE measured at 24 ~ were 20 and 
45 GPa, corresponding to 13% and 19%, respectively, 
of the crystal modulus for each of these polymers 
(158 GPa at 24 ~ for PTFE [29], and 235 GPa for 
HDPE). Moreover, the crystalline orientation func- 
tion, fc, at an EDR 30 was 0.997 for HDPE, slightly 
higher than for PTFE with anfc of 0.987. Such a lower 
efficiency of draw, as well as (a) the high T m (Figs 6 and 
7), (b) the high crystallinity (Fig. 9), (c) the remarkable 
superheating of the PET used here (Fig. 6), and (d) the 
above consideration of the morphology formation 
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during polymerization, is consistent with the basically 
chain-extended morphology with a significant number 
of defects alone the chain axis. 

4. Conclusion 
PTFE powder, commercial grade, which has never 
been heated above the T m, was ultradrawn by solid- 
state extrusion over a wide range of temperatures 
between 100 and 340~ The EDRma x was nearly 
constant at ~ 10 for a Te from 100-280~ despite 
the crystal/crystal transitions at 19, 30, and 125~ 
and Tg at 125 ~ At Te >/280~ the ductility in- 
creased rapidly with increasing temperature up to 
near the T m. In this range, the EDRma x was 60 for 
extrusion at Te = 330-340~ This excellent draw- 
ability was completely lost on attempted draw above 
the T m. The structure and properties of drawn pro- 
ducts were complexely affected by EDR and T~. The 
flexural modulus, which was sensitive to the test tem- 
peratures, increased rapidly with EDR in the lower 
region, reached a maximum at EDR 30-40,  and 
finally decreased above a specific EDR, which de- 
pended on the T~. At EDRs above the specific EDR, a 
flaw was generated in the extrudate. The crystallite 
size along the chain axis Do ozs,  determined by 
WAXD, correlated well with the complex changes of 
modulus with EDR at a given T,, as we have found 
previously in superdrawing of ultrahigh molecular 
weight polyethylene single-crystal mats. The crystal- 
lite size D~0 o of ~ 45 nm, which corresponds to the 
lateral dimension of microfibrils of highly drawn 
PTFE, was significantly larger than those generally 
found in other polymers. The optimization of the 
extrusion draw conditions resulted in a maximum 
flexural modulus at 24 ~ of 20 GPa at an EDR of 40 
for a T~ of 340 ~ This modulus is ten times higher 
than the tensile modulus previously reported. 
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