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1.1. INTRODUCTION
In considering the structure of polymers in the solid state, several issues arise.
Among the major questions are:
1. For crystallizable macromolecules, what is their crystallography and
morphology in the solid state?
2. How are these crystals arranged in supramolecular aggregates? That is,
what is their morphology and the microstructure in a polycrystalline
specimen?
3. If there is a discernible microstructure, what defects does it contain?
4. How does the noncrystalline (NXL) phase relate to the crystalline (XL)
phase(s)?
5. When subject to mechanical stresses, how do semicrystalline polymers
respond macroscopically and, consequently, on all the finer levels of
structural hierarchy?
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Polytetrafluoroethylene (PTFE) is an attractive model substance for understanding the relationships between structure and properties among crystalline
polymers. The crystallinity of PTFE (based on X-ray data) can be controlled by
solidification and heat treatments. The crystals are “large” and one is relieved of
the complexity of a spherulitic superstructure because, with rare exceptions,
spherulites are absent from PTFE. What is present are lamellar crystals (XL)
and a noncrystalline phase (NXL) both of which have important effects on
mechanical behavior.
Under conditions of slow cooling, PTFE solidifies from its very viscous melt as
thick lamellar crystals that measure 0.2 to 0.5 pm in the c direction and are large in
lateral extent (see Figure 1.1) In fact they bear a striking resemblance to extendedchain crystals formed in polyethylene (PE) except that for PE the crystallization is
performed under high pressure. This similarity becomes apparent when examining
1
micrographs such as Figure 1.2 or those in an early publication by Bunn et al.
This chapter summarizes several studies of PTFE utilizing a range of
techniques and leading to an interpretation of mechanical behavior in terms of
structure at all stages of deformation, up to and including fracture.
Wide-angle X-ray diffraction and electron microscopy provide evidence for
two modes of slip within PTFE crystals and the progressive breakup and

Figure 1.1. Optical micrograph of a microtomed section of PTFE viewed between crossed polarizers.
The white bands are lamellar crystals for which the orientation permits transmission of light. Scale
bar = 30 µm.
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Figure 1.2. Electron micrograph of a PTFE fracture surface using the two-stage replica method. Large
lamellae are visible with smaller lamellae perpendicular to them. Specimen was cooled from the melt at
0.12 deg/min. Scale bar = 1 µm.

alignment of lamellae that were originally large in breadth. The X-ray evidence is
based on two different measurements: (1) an inverse pole figure study of orientation;
and (2) wide-angle diffraction analyzed in a manner to distinguish particle size
effects from intracrystalline strain. Information on the response of the noncrystalline phase is obtained from broadline NMR measurements and IR dichroism.
The picture that emerges is of crystals embedded in and linked to a NXL
phase that orients continuously with increased extension. Strains transferred to the
crystals lead to two distinct modes of slip within the PTFE crystals and to the
orientation, fragmentation, and alignment of lamellae at progressively higher
strains.

1.2. BACKGROUND INFORMATION ABOUT PTFE
The synthesis and properties of PTFE have been well described by Sperati
and Starkweather 2 and Sheratt.3 Two books on fluorine-containing materials are
also useful. 4,5 The history of the discovery and development of PTFE has been
documented by Plunkett 6 and by Sperati.7 Polytetrafluoroethylene is a highly
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useful engineering material, notable for its chemical resistance, excellent dielectric
properties, and low surface energy. It is also soft when compared to other
engineering polymers and shows a tendency to creep and wear unless reinforced.
These features are a consequence of weak intermolecular forces and very strong
C–F and C–C bonds in the PTFE molecular structure.
The ability of PTFE to crystallize is dependent upon its symmetrical
repeating unit, linearity, and very high molecular weight. This high molecular
weight, coupled with high barriers to internal rotation within the repeating units,
constrains the ability of PTFE to crystallize from the melt. It also makes it
generally necessary to “sinter” PTFE rather than extrude or mold it by the usual
thermoplastic processing techniques. In the case of PTFE, the term “sinter” is
used to describe heating above the melting temperature as distinct from the usual
meaning in metallurgy of heating below the melting temperature, often under
pressure. 7
As-polymerized PTFE has exceptionally high crystallinity, a melting
endotherm that is prone to superheating,8 and, in some instances, an unusual
fibrous morphology. Melillo and Wunderlich note that some as-polymerized fibers
may have a shish-kebab structure.9 Our electron microscopy confirms that this is
indeed the case (Figure 1.3).
Measurements by many researchers have shown that PTFE’s equilibrium
melting temperature is 327°C. 10 Once it is heated above its melting temperature,
its initial properties are irrecoverable. Compaction of PTFE powder and heating
above 327°C results in a partially crystalline solid polymer composed of large
crystals with a coexisting noncrystalline phase. Crystal size and perfection depend
on the crystallization conditions: slow cooling results in larger, more perfect
crystals. On this point, we present detailed information from electron microscopy,
corroborated by measurements of X-ray line breadth.
The rate of cooling from above the melting temperature has significant effects
on lamellar thickness and perfection as well as on physical properties. 11 There is a
progressive increase in lamellar thickness and measured density with slower rates
of cooling from 380°C. Quenched specimens, in our work, have a specific gravity
of 2.136 g/cm 3 compared to 2.180 ± 0.003 for specimens cooled at the very slow
rate of 0.02 deg/min. 12 Annealing a quenched sample for 5 hours at 312°C causes
the density to increase to 2.158 g/cm3 . For perspective, the density of totally
noncrystalline PTFE is estimated to be 2.00 and the perfect-crystal density is
2.301 g/cm 3 by X-ray diffraction. 2
Much attention has been devoted to the two first-order phase transformations
that PTFE shows at 19 and 30°C. 13,14 Attention has been focused on elucidating
the mechanism of transformation and its kinetics. 15–17
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1.3. MATERIALS, PROCESSING, AND MEASUREMENT
METHODS
As manufactured, PTFE is of two principal types: dispersion polymer, made
by suspension polymerization followed by coagulation, and granular PTFE,
polymerized and generally comminuted to a desirable particle size. Some
details are given by Sperati. 2,7 We have observed cast films of an aqueous
colloidal dispersion and see that it consists of peanut-shaped particles, approximately 0.25 µm in size, which are composed of even finer particles. Electron
micrographs of as-polymerized granular particles show three structures: bands
arranged in parallel, striated “humps,” and fibrils, some of which have the shishkebab structure. 11
We have done most of our studies on granular PTFE by compacting it into a
preform and sintering to make a shape matching ASTM D-1708-66 for tensile
testing. Orientation measurements by IR dichroism require thinner specimens, and
for this purpose we used dispersion-grade material, commercially cast and
processed into film (Dilectrix Corp., Farmingdale, NY). These films were used
as received without further heat treatment.11
Our basic procedure was to press granular powder (Allied’s Halon G-80) into
a preform and heat it to 380°C under flowing nitrogen for 3 h. We then cooled the
specimens at various uniform rates, with the results shown in Table 1.1 and Figure
1.4. 11 It is clear that the quenched material has lamellae that are both thinner in the
chain direction and smaller in lateral extent. Both these parameters increase with
slower rates of cooling. So, too, does density. The microstructure of PTFE
prepared this way may be likened to a pack of rods (the helical polymer
chains), which in turn comprise lamellar crystals. Consider a hexagonal poker
chip as a macroscopic analogue of one lamella. The diameter of the poker chip is
the lamellar breadth and its thin dimension is the lamellar thickness. The fully
extended chain length of a 10-million-MW PTFE macromolecule would be ca.
26 µm while our thickest observed lamellae are ca. 0.5 µm thick. It therefore

Table 1.1. Results of Cooling Rate Experiments
Cooling rate
deg C/min.
Quench
2
0.48
0.12
0.02

Mean lamellar
thickness
(Å)

Standard
deviation
(Å)

Standard error
of the mean

1110
1600
1440
1850
2590

329
493
501
839
2037

52
78
79
132
322

(Å)

Density
g/cc

Percent
crystallinity

2.138
2.146
2.156
2.192
2.205

45
53
58
65
68

Figure 1.4. Four electron micrographs of PTFE cooled from
380°C at rates of: (A) 2, (B)
0.48, (C) 0.12, and (D)
0.02 deg/min. The specimens are
described in Table 1.1. Scale
bars = 1 µm.
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seems that PTFE crystals are “extended-chain crystals” with some chain folds and
a sizable long period in the c dimension, as is true of extended-chain PE. While
working on extended-chain crystals of PE (formed by. crystallization under high
pressures at elevated temperatures), one of us (T. D.) was struck by apparent
similarities to melt-crystallized PTFE as displayed in the micrographs of
Bunn et al. 1 This observation was a motivating factor for our investigations
of PTFE.

1.4. WIDE-ANGLE X-RAY DIFFRACTION: LINE-BROADENING
FOR CRYSTALLITE SIZE AND STRAIN
Wide-angle X-ray diffraction (WAXD) is widely used in materials science to
assess crystal structure and—in the case of polycrystalline materials—to measure
the size of crystallites and their internal strain. Both small size and internal strain
cause broadening of the X-ray reflections. 18 By using standards, these two effects
can be distinguished, and we have accomplished this for PTFE. Our X-ray
experiments were carried out on 0.015-in.-thick skived sheet from the
Chemplast Corporation made from DuPont Teflon® 7-A polymer, lot 20855. As
would be expected, the conditions of cooling from above the melting temperature
have a marked influence on crystallite size in PTFE. Specimens cooled at various
rates from 380°C have average domain sizes as shown in Table 1.2. l9 The slowest
cooling rate produces the largest crystals. Whether cooled slowly or quenched in
ice water, PTFE forms a two-phase system of crystalline domains (XL) and less
ordered noncrystalline material (NXL).
Three orders of the {l010} reflection were measured. Peak-to-background
ratio was 100 or more for the first peak so a computer routine was used to create a
polynomial fit to the background. For peaks of second and third order, the peak-tobackground ratio was less than 3 so the data were smoothed manually and then the
background was subtracted.12
Because large magnitudes of broadening were observed in PTFE, even for
slowly cooled specimens, it was necessary to use line-width standards. The two
materials used were annealed LiF and a diluted solid mixture of ammonium
hydrogen phosphate. l9 Data analysis proceeded by Fourier analysis of multiple
orders, the well-known Warren–Averbach procedure.20 Values of the domain size
as measured experimentally and with a correction using renormalized cosine
coefficients (RCC), are given in Table 1.2.
Figure 1.5 plots the change in domain size (using RCC) vs. applied strain or
percent extension, 100[(l – l o /lo )], on a PTFE specimen prepared by furnace
cooling. In the strain range between 35 and 185% there is a sizable drop in crystal
domain size corresponding to a major change in texture with elongation. We take
note of this effect and will recall it when interpreting the results of other
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Table 1.2. Domain Sizes in PTFE as a Function of Cooling Rate and Strain
Sample No.

Description

9
4
7
l-l
l-2
l-3
l-4

Slowly cooled, undeformed
Furnace cooled, undeformed
Quenched, undeformed
Furnace cooled
Furnace cooled
Furnace cooled
Furnace cooled

a

Strain
(%)

Domain size
(Å)

Domain size
a
(Å)

...
...
...
35
110
185
250

987
756
476
860
511
310
280

1050
800
431
770
438
216
192

Renormalized cosine coefficients.

measurements of orientation vs. strain in Sections 1.6–1.8. From the linebroadening measurements in this range of applied strains, the microstrains
remain relatively unchanged, “. . . as if the requirement for increased elongation
is satisfied by breakup of lamellar crystals rather than by increased distortion
within the crystals.” 19
Increases in rms microstrain (ε) with specimen elongation suggests that the
crystallites are deforming plastically. Dislocation density in the PTFE is proportional to (ε 2 ). At the highest elongation studied, this density is of the order of
10 10 cm – 2 . 19

PERCENT EXTENSION
Figure 1.5. Change in domain size vs. applied strain for furnace-cooled PTFE. The exact shape of the
dashed region is not certain.
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1.5. MORPHOLOGY OF PTFE
In general, PTFE is nonspherulitic. (There is no spherical order or maltese
cross when sections are examined between crossed polarizers in the optical
microscope with transmitted light.) Yet Melillo and Wunderlich call similar
morphologies “incipient spherulites” because of observations of growth of
lamellae from a common center. 9 On one occasion we observed radial arrangements of lamellae, as in Figure 1.4C. Primarily, we observe thick lamellae of
significant extent, often bedded parallel to one another. When there is space
between lamellae, it is often filled with smaller lamellae in a generally perpendicular arrangement to their large neighbors (see Figure 1.2). This observation
raises intriguing questions about secondary nucleation or perhaps epitaxy of
daughter lamellae.
On {0001} surfaces a rosette pattern is sometimes observed by electron
microscopy. This could be “decoration” by lower-MW PTFE or it might be a
result of fold surface defects (see Figure 1.6). It is of note that the hexagonal
“daughter” crystal in this figure developed in an orthogonal relationship to the
primary lamella.
The morphology and microstructure of as-polymerized polytetrafluoroethylenes is a study in itself. We observe that fibrils are common in some lots
of granular PTFE while other specimens consist of beadlike particles, the surfaces
of which bear markings suggesting lamellar crystals.21 Of special note is the (rare)
occurrence of shish-kebab structures in as-polymerized PTFE (Figure 1.3).
When melt-crystallized PTFE is elongated in tension, micrographs show a
breakup of lamellae with strain. The line-broadening experiments described in
Section 1.4 also describe a progressive breakup of lamellae with increasing
applied strain. Starting from a microstructure such as Figure 1.2 in which lamellae
are tens of micrometers in breadth, strain causes orientation and breakup of
lamellae until they are fully aligned with the draw direction. Figure 1.7 shows this
situation with three lamellar fragments lined up in the draw direction. They still
show striations, even after fragmenting from the original lamella. This observation
is in accord with the orientation and fragmentation mechanism suggested by the
diffraction data.

1.6. ORIENTATION MEASURED FROM INVERSE POLE
FIGURES
In another set of experiments, tensile specimens initially 0.015 in. thick were
elongated to various extents, released, and subsequently X-rayed. The resulting
data can be analyzed by pole figure techniques to give the complete orientation
distribution of unit cells in the specimen. “For the case of axial specimen
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Figure 1.6. Fracture surface of sintered PTFE showing a nearly hexagonal crystal viewed with its caxis perpendicular to the plane of the micrograph. This crystal grew upon and perpendicular to a
primary lamella, which is seen “side-on” and shows the curved edge profile associated with growth by
nucleation and thickening. Magnification = 75,200, Scale bar = 0.5 µm.
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Figure 1.7. Specimen of PTFE drawn to high elongation. Note the three lamellar fragments in a row
near the center. The draw direction is horizontal. Scale bar = 0.5 µm.

symmetry (such as in a tensile experiment) this distribution, known as an inverse
pole figure (IPF), shows the tendency of crystal directions to be aligned with the
tensile axis.” 22 The generation and interpretation of pole figures is well described
in the literature. 18,23,24 Data on PTFE oriented at 25°C are shown in Figures
1.8–1.11, which together with the accompanying text have been reproduced here
from an earlier paper. 22
Directions indicated are poles of crystallographic planes: contours show the
density with which these crystal directions are aligned parallel to the tensile axis in
multiples of the density for a sample with no preferred orientation.22
The most striking feature of the IPF for a sample drawn 35% (Figure 1.8) is
that the chain direction [0001] is not preferentially aligned with the tensile axis,
but is concentrated about 60° from the [0001] toward the [1010] pole. In a sample
drawn 110% (Figure 1.9) we see that the chains are still not aligned with the
tensile axis, but that the maximum tensile axis density is located about 30° from
the [0001] toward the [1010] pole. The intensity of the maximum has also
increased. A sample drawn 185% (Figure 1.10) shows chain-direction tensileaxis orientation, the type of orientation normally associated with polymer fibers.
Further drawing to 250% (Figure 1.11) sharpens the IPF, but does not change the
position of the maximum. 22
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Figure 1.8 (left). IPF for a PTFE sample strained 1 in. (35%) at 25°C, presented in a polar equal-area
projection. Crystallographic directions are given by poles to the indicated planes. Contours represent
the tendency for crystallographic directions to be aligned with the tensile axis. 22
Figure 1.9 (right). IPF for a PTFE sample strained 3.0 in. (110%) at 25°C.

Figure 1.10 (left). IPF for a PTFE sample strained 5.0 in. (185%) at 25°C.
Figure 1.11 (right). IPF for a PTFE sample strained 8.0 in. (250%) at 25°C.

Several mechanisms, including rigid rotation of lamellae, crystallographic
slip, or twinning, could lead to orientation of the crystalline regions in PTFE.
Rigid rotation of lamellar regions would tend to rotate the largest lamellar
dimension toward the tensile axis. This would be expected to result in movement
of the c-axis away from the tensile axis, but the opposite effect is observed.
Mallard’s law predicts no twinning modes for PTFE, which leaves crystallographic
slip as the most likely orientation-producing mechanism.22
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The molecular conformation of PTFE is helical, i.e., CF2 groups wind
helically around the macromolecular axis. If neighboring molecules interlock
along the grooves between helices, slip may progress along these grooves in a
manner similar to slip along close-packed directions in metals. This interlock is
strongest when adjacent molecules are of opposite handedness; then the rows of
fluorine atoms on one molecule fit nicely into the groove between rows of fluorine
atoms on an adjacent molecule. The angle between the grooves and the c-axis,
calculated from crystallographic data is 25°, close to the 30° position to which the
tensile axis rotates at low deformation. Since the slip process cannot cut strong
covalent bonds, both the slip direction and the [0001] direction must lie in the slip
plane, leaving {1120}-type planes as the only possible slip planes for this
mechanism. 22
The model proposed above accounts for orientation produced at low
extension. To account for the c-axis orientation observed at high extension,
either c-axis slip, or breakup of the large lamellar crystallites accompanied by
rigid rotation and formation of microfibrils must occur. 22 Both mechanisms can
occur as elongation progresses, and an example of the latter is shown in Figure
1.7.
The presence of phase transitions at 19 and 30°C provides an opportunity to
test the proposed deformation model. Below 19°C the lattice contracts into a
triclinic structure with strong intermolecular interaction. 25,26 Samples deformed
below 19°C should develop off-c-axis orientation while samples deformed above
30°C should not. Figures 1.12 and 1.13 show inverse pole figures for samples
deformed at 2 and 70°C. The observed orientation agrees with our proposed
model. 22 With this set of experiments, it is possible to activate the oblique slip
process or, alternatively, to deactivate it in the high-temperature phase above 30°C.

Figure 1.12 (left). IPF for a PTFE sample strained 1.75 in. (60%) at 2°C.
Figure 1.13 (right). IPF for a PTFE sample strained 2.0 in. (65%) at 70°C.
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1.7. ORIENTATION MEASURED BY BROAD-LINE NMR
In NMR experiments, molecular mobility leads to narrowing of the
resonance lines. Conversely, restricted molecular motion, as occurs in crystalline
phases, causes line-broadening. Until the advent of “magic angle spinning” and
related techniques, this was a hindrance to NMR studies of solid polymers. We
have used it to advantage in following the orientation effects in solid PTFE.
Broad-line NMR derivative spectra were obtained using a Brucker HFX-90
spectrometer to record the 19F resonance at 84.67 MHz.11,27 The specimens, made
by compacting granular PTFE into preforms, sintering at 380°C, and cooling
slowly at a rate of 0.02 deg/min had a specific gravity of 2.205. The second
moment of the NMR line shape is of interest because the fourth moment of the
orientation distribution function is proportional to it.
Specimens were elongated the indicated amount, then released from the grips
of the tensile machine, cut parallel to the draw direction, and placed in NMR
tubes. From the derivative NMR spectra, the second moments of the orientation
distribution were measured at temperatures of 158 and 345°K.
Elongation, by definition, is λ = l/l o . These specimens had been drawn at
room temperature to elongations λ of 1.0, 2.0, 3.0, and 4.0 (strains of 0, 100, 200,
and 300%). At 345°K, the main contribution to the second moment is from the XL
phase while at 158°K it is from the NXL phase. It is observed that the second
moment increases for more highly elongated specimens, i.e., the line broadens as
the NXL molecules are oriented and are thereby restricted in mobility.
Studies on PTFE by 19 F-NMR at temperatures of 35 to 40°C have been
performed by Brandolini et al. in order to measure an order parameter. Results fit a
theoretical model but the unrealistic assumption is made that “the amorphous
regions are unoriented...”. 28
From Figure 1.14 it can be seen that the second moment as measured at
158°K increases continuously with elongation; the second moment at 345°K
plateaus for elongations greater than 2. 27 This plateauing response of the NMR
second moment—to which the fourth moment of the orientation function is
proportional—signifies a change in orientation texture of the crystalline phase in
the same range of strains observed in the inverse pole figure and X-ray linebroadening measurements.

1.8. IR DICHROISM OF PTFE
IR dichroism is another useful technique for assessing chain orientation. 11 In
a uniaxially deformed polymer sample, there is assumed to be rotational symmetry
about the draw direction, in which case the orientation of a chain molecule is
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Figure 1.14. Second moment of NMR derivative spectra vs. elongation showing response of the XL
and NXL phases.

characterized by measuring the absorbance parallel (A|| ) and perpendicular (A ⊥ ) to
the draw direction. The dichroic ratio D is
(1)
This dichroism is related to an orientation function ƒ by 29 :
(2)
where θ defines the angle between the draw direction and a defined axis for which
the orientation is to be determined. In this case, the normal to the CF2 plane is
chosen as the axis. Values of f range from zero, unoriented, upward to +1, which
indicates complete orientation with respect to the chosen axis. Negative values of
f indicate orientation away from the draw direction to a minimum of —1/2, which
represents perpendicular orientation. 30
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Dichroic IR spectra were obtained using a silver chloride pile-of-plates
polarizer in a Beckman IR9 spectrometer. Spectra were recorded at 25°C,
usually at a scan speed of 40 cm – 1 per minute. Details are contained in
Natarajan 11 and Davidson and Gounder. 27 Yeung and Jasse subsequently used
FTIR spectroscopy to restudy orientation effects in PTFE,31 and found behavior
generally in accord with the results we reported earlier but they were able to
improve the resolution of the 780 cm –1 band into a doublet. They commented on
the differences in orientation function obtained for various XL bands. 31
Figure 1.15 shows the orientation function vs. elongation for seven of the
absorption bands measured. Each molecular motion in its own way responds to the
applied strain. The three NXL bands (720, 740, 780 cm – 1 ) increase steadily with
stretching but each exhibits a different slope. Two of the XL bands (625 and
633 cm – 1) increase in nearly parallel fashion but the 553 and 516 cm– 1 bands
exhibit a plateau at elongations λ > 1.6. The orientation function rises more
steeply for the XL phase than for the NXL, indicating pronounced alignment of
crystallites into the draw direction. The plateau indicates that a maximum of
orientation is reached that is specific to the XL phase. Noncrystalline material

Figure 1.15. Orientation function ƒ vs. total deformation ratio for four XL bands (above) and three
NXL bands (below) in drawn PTFE.
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continues to orient out to the highest elongations applied. Recent work has shown
that this plateau also occurs when PTFE is drawn at elevated temperatures.32
The different responses of the NXL and XL bands would not occur if the
NXL material were present as defects within the XL phase. These data support a
two-phase model of solid state structure in semicrystalline PTFE. Of course, the
precise location of the two phases is difficult to specify, but for the XL phase we
have good data on its initial morphology and subsequent changes based upon
microscopy and X-ray diffraction.
We also compared two sets of specimens that had been drawn to the same
extent. Both were allowed to relax for 48 h after stretching, one set clamped at its
specified elongation, the other allowed to relax freely, unclamped. The dichroism
results show a large difference between the recoverable (elastic+anelastic)
deformation and the total deformation for both XL and NXL phases (see
Figures 3 and 4 of Davidson and Gounder 27 ).
The equation
(3)
gives the reduction in the number of absorbing species (and hence the change in
average absorbance) owing to deformation.33 Experimental deviations from Eq.
(3) would indicate deformation-induced changes in the number of absorbing
species. Our experimental data, plotted in Figure 1.16 for three XL and three NXL
bands, show that with increasing strain, the number of XL absorbers shows a

Figure 1.16. Change in average absorbance vs. elongation. The curve is calculated from Eq. (3). Open
points are data from XL bands; filled points are from NXL bands.
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Figure 1.17. Orientation function ƒ vs. ln l for the crystalline IR bands in PTFE. The slope change at
ln l = 0.75 (110% strain) indicates a texture change at this elongation.

negative deviation from the prediction while the NXL absorbers increase. This is
evidently due to a transformation of some of the XL phase into NXL material.
A ratio of XL absorbance at 2365 cm – 1 to NXL absorbance at 780 cm – 1
gives a crystallinity index. Plotted versus deformation ratio, it decreases with
elongation, suggesting that some XL material is changed to the NXL phase.11
Finally, if we assemble all the XL dichroism data on specimens allowed to relax
without constraint, we can plot ƒXL vs. ln λ as shown in Figure 1.17. The abrupt
change in slope at ln λ = 0.75 (110% strain) indicates a change in crystal texture
in this range of elongation.
A plateau of XL orientation is observed in the strain range 70 to 200%. There
is a continuous increase in ƒ for the NXL phase. Crystals orient fully with respect
to the draw direction well before the specimen fails. Meanwhile NXL molecules
increase in number and elongate all the way up to failure of the specimen.

1.9. SUMMARY AND CONCLUSIONS
As-polymerized PTFE has a number of interesting microstructures including
highly developed crystals, fibrils, and occasionally, shish-kebab structures.
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Solidified from the melt, PTFE has an extended-chain morphology in which the
size and perfection of its lamellae vary, depending on the solidification conditions.
Through the use of multiple experimental techniques, we have shown how
both the NXL and XL phases of PTFE interact and respond to applied tensile
deformation. Strains transmitted to PTFE crystals lead to two distinct slip modes
and, at higher strains, to the breakup and alignment of lamellar fragments. In our
experiments, crystallites in PTFE orient fully with respect to the draw direction at
strains between 70 to 200%. With increasing strain, some chains originally in the
XL phase are transformed to NXL material. Noncrystalline chains continue to
orient until macroscopic failure is reached. This could be a fairly general
microstructural response for semicrystalline polymers.
Our findings in regard to the effects of deformation on PTFE accord in some
respects with observations on the deformation of polyethylene34 and polypropylene, 30,35 although PE and PP usually have a spherulitic morphology before
drawing.
As a solid state polymer material, PTFE has certain novel features in
possessing large lamellar crystals that facilitate experimentation and interpretation.
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