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Formation and Structure of Polytetrafluoroethylene Fibrils
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ABSTRACT: Polytetrafluoroethylene (PTFE) is a semi-crystalline polymer whose fibrils can be easily formed by stretching because of
its low tensile activation energy. We prepared two series of PTFE samples with different elongations and degrees of crystallinity,
respectively. The morphology analysis of the first series determined that cavities were formed in the PTFE matrix under stretching,
and this was a prerequisite for forming fibrils. The barrier between cavities became long and slim under tension, and grew into fibrils
finally. It could be found that higher crystallinity is more suitable for forming fibrils. The main part of the fibrils’ structure was semi-
crystalline, and the degree of crystallinity could grow under stretching. Besides, the thickness of the lamellae decreased, while the crys-
talline grain refined at the same time. In the measurement of X-ray diffraction, it could be found that the lattice plane (108) was

more sensitive to stretching, which could rotate to other positions. © 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 130: 3710-3717, 2013
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INTRODUCTION

Polytetrafluoroethylene (PTFE) is a completely symmetrical, lin-
ear polymer. PTFE lamella is formed by folded chain, and
owing to the low polarizability of fluorine atom, the intermolec-
ular forces between PTEE chains are fairly weak,'™ so the
lamella is easy to glide. Besides, tensile activation energy of
PTFE is 11.3 kJ/mol,* which enables the formation of PTFE
fibrils at a low temperature by stretching.>® Expanded
PTFE(ePTFE)”® is one of the products prepared by stretching,
and it is used in a multitude of clinical and biomedical applica-
tions. ePTFE is remarkably flexible and its mechanical proper-
ties depend on the microstructure of the expanded polymer
foam,” which is made of fibrils and node.'°

Investigation of morphological structures and deformation in
drawn PTFE has been carried out by many researchers, and
there has been comment on the presence of fibrils, which play
an important role in the performance of drawn PTFE.
Okuyama'' used wide angle X-ray line broadening to measure
individual fibril, which showed that the diameter of fibril was
corresponding to the crystalline domain size along the chain
axis. Brown'? suggested that the stability of drawing fibrils was
primarily determined by temperature and the crystalline phase
with additional dependence on loading rate and microstructure
anisotropy. Other semi-crystalline polymers, such as polyethyl-

ene,” polypropylene,'*'> and nylon,'® also exhibit the process
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of forming fibril during tension, but researchers paid more
attention on the transformation of crystal.

Fibril nucleate from the point of stress concentration, and can
dissipate energy and stabilize a crack tip by bridging,'”'® there-
fore, there is a considerable interest in the structure of fibrils.
O’Leary'® measured the structure of fibril by electron diffrac-
tion, and believed that it was a large perfect, low molecular
weight crystal. Then Kitamura® suggested that fibril formation
was a process of unraveling of the crystalline domains, and still
was a crystalline structure in the direction of loading. But Aria-
wan®® believed that fibrils were oriented amorphous PTFE
formed by unwinding of the crystalline domains.

It can be detected that the microstructure of PTFE fibrils
requires further investigation. One of the discussions is whether
the fibril was crystalline or noncrystalline. Based on that, drawn
PTFE in different tensile ratios were prepared at room tempera-
ture, and through this series of samples, the growing process of
PTEE fibrils could be detected. Besides, drawn samples in differ-
ent crystallinity were also measured to demonstrate the struc-
ture of fibrils.

EXPERIMENTAL

Sample Preparation

PTFE powder used in this study was from 3F Floro-Chemical,
Shandong, China. It was molded into specimens bar at 50 MPa
for 10 min at room temperature. The molded samples were
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Table I. Lengths of the Marked Part Before Unloading and After Placed for 48 h
Sample FD-0 FD-1 FD-2 FD-3 FD-4 FD-5
Length of marked part before unloading (mm) 10.0 12.0 15.0 18.0 21.0 24.0
Length of marked part placed for 48 h (mm) 10.0 10.8 11.5 12.8 14.3 15.9

heated to 375°C at 10°C/min, maintained for 2 h to allow the
particles coalesced completely, and then cooled to room temper-
ature. Samples in different degrees of crystallinity were prepared
through different annealing processes. There were four kinds of
anneal, and they were cooled in the mixture of water and ice,
cooled in air at 20°C, natural cooled in the furnace and cooled
at the speed of 10°C/min separately. The four annealing proc-
esses were marked as A, B, C, and D.

Specimen D was stretched unaxially in different strain ratios at
the speed of 10 mm/min at 25°C. Necking phenomenon was
not happened during this process, so the middle area of the
specimen could be regarded as uniform elongation.”’ We
marked out the middle part of 10 mm, which were tested before
unloaded the tension, and it was also measured after placed for
48 h at room temperature. Both of the lengths were listed in
Table 1. Specimens D with different elongations were denoted as
FD-0, FD-1, FD-2, FD-3, FD-4, and FD-5. The tensile ratio of
samples in different degrees of crystallinity was the same as FD-
4’s, and they were marked as FA-4, FB-4, and FC-4.

Scanning Electron Microscopy

Morphology of specimens in different tensile ratios were exam-
ined by VEGA3 LMH scanning electron microscopy (SEM),
operated in vacuum mode. Samples were cooled in liquid nitro-
gen before rupture, and the surface was given a coating of gold
about 5-nm thick. Surfaces to be observed were parallel and
perpendicular to the tension direction.

Crystallization Behavior Measurements
Different scanning calorimetry (DSC) was performed with a TA
Instruments Q1000 system at a heating/cooling rate of 10°C/min

i

SEM MAG: 500 x SEM HV: 10.0 kV {[24}

WD: 17.74 mm
View field: 382 ym

Det: SE 100 pm

under a nitrogen atmosphere. Sample of 10 mg was taken from
the marked area, and heated from room temperature to 380°C.
X-ray diffraction (XRD) tested on X’Pert PRO MPD Diffractom-
eter (Cu Ko radiation with 4 =0.15406 nm operated at 40 kV
and 35 mA). The range of 20 was from 10° to 50° at a rate of 5°/
min. XRD was used to study the structural parameters of the
matrix with different crystallinity and tension ratios.

RESULTS AND DISCUSSION

The Formation of Fibrils

The process of fibrils’ formation has received great interest in
the literature. Although the precise structure of fibrils was still
unclear, estimates of the mechanical strength and stiffness of
individual fibrils are consistently greater than the bulk.'"'> Fig-
ure 1(a) is the SEM images of FD-5 perpendicular to tension
direction, whereas Figure 1(b) is parallel to the stretching direc-
tion. The orientated beam can be detected in Figure 1(b), and
the plane of Figure 1(a) is flat. Orientation brought a remark-
able difference to the material, and fibrosis structure could be
found in the orientated beam, which was shown in Figure 2.

Figure 2 is the SEM images of FD-0, FD-2, FD-4, and FD-5,
whose fracture plane was parallel to the tension direction, and
Figure 2(a) is that of FD-0, it was compact and uniform. When
the drawn ratio increased, voids began to nucleate. When Figure
2(b,c,d) is compared, there is less void in Figure 2(b), besides,
fibrils can be found in the last two images. In Figure 2(d), a
great deal of void and fibrils were formed not only in the sur-
face, but also in the matrix. It was believed that the formation
of voids and fibrils was associated, and fibrils could form when
the quantity and size of the voids were large enough.
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Figure 1. SEM images of fracture plane morphology for FD-5 perpendicular and parallel to stretching direction.
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Figure 2. SEM images of fracture plane morphology for FD-0, FD-2, FD-4, and FD-5 parallel to tension direction.

Two images in Figure 3 were both for FD-5 with the same mag-
nification, but morphology of the two differed widely. Figure
3(a) is the image paralleled to the tension direction, and voids
and fibril can be found because of the orientation. Voids might
nucleate from the points of stress concentration, and with fur-
ther elongation, voids became longer along the stress direction.
The barrier between the holes stretched, became slender, and
grew into fibrils finally. In Figure 3(b), the surface of resin looks
like hills with cavities in. Three-dimensional reticular structure
was built by tension, whose bone was PTFE fibrils or ligaments.

It can be found from the SEM images that, the growing process
of fibril is started by the forming of voids and intensified by
orientation. The barrier between the voids becomes longer with
stretching, besides, the strength of PTFE is high, and it cannot
break until a certain degree. The drawn sample was much looser
than the native one, and density of the specimens was measured
according to ASTM792-2000, which shown in Table II. From
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the results of density, porosity (P) of each sample could be cal-
culated by eq. (1). In this formula, p is the density of the drawn
sample, and p, is the density of FD-0, which is considered being
absolutely dense. The increasing porosity reveals the growing of
void and fibrils in PTFE. Generally speaking, higher degree of
crystallinity brings the material higher density, and in this dis-
cussion, po was all taken as 2.172 from FD-1 to FD-5. As a
result of the neglect of change in density, porosities calculated
through eq. (1) was less than the actual value, but the increas-
ing trend was unalterable. As we know, PTFE is widely used in
sealing, and high porosity might improve the compressibility,
which could ensure initial sealing under pre-tightening force.

p= (1—i>><100% (1)
Po

The Structure of Fibrils
As we discussed above, the structure of fibrils was still unclear,
and one discussion is whether it was crystalline or
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Figure 3. SEM images of fracture plane morphology for FD-4 parallel and perpendicular to tension direction.

noncrystalline. In this section, DSC and XRD were employed to
study the structure of fibrils. In order to determine the degree
of crystallinity from DSC  measurements, melting
enthalpy(AH?) for 100% crystalline material was taken as 69
J/g** and the following equation was used:

__ AH,,(sample)

X
‘ AHOY

(2)
Besides, the change of crystal structure and growth process of
fibril was investigated. PTFE in different degrees of crystallinity
were observed. Four kinds of samples were prepared through dif-
ferent annealing processes, which were cooled in mixture of water
and ice (A), cooled in air at 20°C (B), natural cooled in furnace
(C), and cooled with the speed of 10°C/min (D) separately. The
DSC curves of samples before and after stretching were shown in
Figure 4, and the result was shown in Table III.

Through Table III, it can be found that the degree of crystallin-
ity calculated by two methods show the same trend. The effect
of anneal was remarkable, and crystallinity degree of PTFE after
stretching were all improved. Orientation was benefit for crys-
tallizing, although the tensile temperature was below the glass
transition temperature, the role of stress-induced could not be
ignored. Peak temperature (7T},), fusion onset, and end tempera-
ture of this series of sample were shown in Figures 5 and 6.

T, was determined to be fusion temperature (7,,), and the value
between onset temperature and end temperature was marked as
Tendset-onsen)- 1t can be found from Figures 4-6 that, with the
cooling degree retarded, T, and  T{endset-onset)
decreased. Mild cooling process was benefit for the growth of
lamella thickness and the improving of crystal perfection.

increased

Table II. Density and Porosity of PTFE Samples in Different Draw Ratios

Sample FD-O FD-1 FD-2 FD-3 FD-4 FD-5

Density (g/lcm®) 2.172 2164 2134 2.065 2.011 1.908
Porosity (%) 0 037 175 493 741 1215
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It could be detected that the perfection degree of crystal
improved under tension, and all of the T,, were decreased after
stretching, which showed that the lamellae thickness was
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Figure 4. DSC curve of PTFE samples in different cooling processes.
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Table III. Degree of Crystallinity of PTFE in Different Cooling Processes Before and After Stretching
FA FB FC FD
Sample FA-O FA-4 FB-0 FB-4 FC-0 FC-4 FD-0 FD-4
Degree of crystallinity(%)/XRD 22.01 24.26 27.88 31.41 31.85 35.23 36.94 41.88
Degree of crystallinity(%)/DSC 30.24 32.14 34.52 37.78 40.48 48.06 4523 56.84
3340 [ D0 Table 1V, and the porosity was shown in Figure 7. Density of
3335 | samples before stretching in different cooling processes was
3330 increased, and densities after stretching were almost the same.
325 | Because the increasing porosity made density decreased, whereas
N higher degree of crystallinity made it increased. Porosity was
3320 |- . .
. calculated by eq. (1), and it was improved from sample FA-4 to
& iy FD-4. The SEM images of FA-4 and FC-4 are shown in Figure
o 3o 8. More cavities could be found in Figure 8(b). It can be
3305 - observed that higher degree of crystallinity is beneficial to form
3300 - cavities. As discussed above, cavity was the precondition of the
3295 - formation fibrils, so it could infer that higher degree of crystal-
3290 - linity was benefit for forming fibrils and the main component
3085 |- of fibrils was crystalline. Brown® compared the efficiency in

Sample

Figure 5. T, of PTFE in different cooling processes before and after
stretching.

refined.”* Degree of crystallinity was easier to be enhanced
under stretching when it was higher in the nonstretched one.
From the SEM images of drawn PTFE, it can be found that lots
of fibrils were formed. PTFE sample was semi-crystalline, and
the growing of crystallinity degree was accompanied with the
formation of fibrils. Density of each sample was shown in
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135 1 FD-0
s T3
130 FD-4
Sample

Figure 6. Tondset-onset Of PTFE in different cooling processes before and
after stretching.

fibril formation between 53% and 62% crystalline PTFE, and
suggested that the formation process was restricted by the
increase in crystallinity. This conclusion was in contradiction
with ours, but crystallinity of samples in our discussion was
lower, and the discussion range of crystallinity was different.

Figure 9 is the XRD patterns of samples with different degree of
crystallinity before and after stretching. In Figure 9(a), differen-
ces between the four patterns were the diffraction peaks inten-
sity around 37° and 41°. The increasing peak intensity showed
the improvement of crystallinity degree, and the result was
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Figure 7. Porosity of PTFE samples in different cooling processes.

Table IV. Density of PTFE Samples in Different Cooling Processes Before and After Stretching

Sample FA-O FA-4 FB-0

FB-4

FC-0 FC-4 FD-0 FD-4

Density 2.062 1.998 2.097

2.002

2121 1.991 2172 2.011
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Figure 8. SEM images of fracture plane morphology for FA-4 and FC-4 parallel to tension direction.
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Figure 9. XRD patterns of PTFE sample in different cooling processes: (a) before stretching; and (b) after stretching; (1. FA, 2. FB, 3. FC, 4. FD).
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Figure 10. XRD patterns of PTFE sample in different stretching elongations (1. FD-0, 2. FD-1, 3. FD-2, 4. FD-3, 5. FD-4, 6. FD-5).

shown in Table III. After stretching, the two peaks around 37°
merged into one peak, which could be found in samples FB-4,
FC-4, and FD-4, and diffraction peak at 41° disappeared. The
miller index of peak at 41° is (108), and this crystal structure
was easy to be destroyed. Peak intensity around 37° (107)
improved a lot because of the orientation. It could be obtained
that the lattice plane (108) was more sensitive to stretching, and
it was rotated to other positions. The lattice plane (107) was
strengthened. Besides, higher degree of crystallinity was a bene-
fit for the crystal transition during the process of stretching.
Peak intensity of FC-4 and FD-4 around 37° increased obvi-
ously compared with the other two samples.

In this discussion, it could be found that PTFE fibrils were
imperfect crystal. The change of peak intensities showed stretch-
ing brought a remarkable effect to the crystal structure of PTFE.
Higher degree of crystallinity was more sensitive to the crystal
transition, and combined with the SEM images, it could be sug-
gested that, higher degree of crystallinity is more suitable to
form fibrils, which agrees with the analysis of DSC.

Sample FD-0 with different elongations was marked as FD-1,
FD-2, FD-3, FD-4, and FD-5, and the XRD patterns were
shown in Figure 10. The mill index of peaks, around 36° and
37°, are (107) and (200), respectively. From FD-0 to FD-5, the
two peaks broaden gradually and superposed to be one peak,
whose peak intensity grew gradually. The relative intensity of
diffraction peak around 41° is weak, but it can be found in pat-
terns 1-3 easily, which is corresponding to the samples FD-0—
FD-2. Increasing the tension ratio, this peak becomes weaker
and finally disappeared. Those two changes pointed out a same
phenomenon, which was grain refinement. Lemine* believed
that peak broadening could be caused by a reduction in crystal-
lite size. In the analysis of DSC, T,, deceased after tension. The
grain in PTFE or PTFE fibril or even in both became smaller
with stretching. But this process should not be endless because
further tension may destruct the fibril and the composite.

As discussed in this paper, the structure of fibrils was imperfect
semi-crystalline. Higher crystallinity degree was beneficial to
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form fibrils, and crystallinity of fibrils and matrix improved
under stretching. Crystals of fibrils were more homogenous
than the bulk. Lamellae thickness and grain size were decreased
in fibril under tension.

CONCLUSIONS

In this article, we investigated the formation and structure of
PTEE fibrils that formed under stretching at room temperature.
Samples with different elongations were used to study the for-
mation process of fibrils. It could be found that cavities or
voids were formed in the resin matrix first. And then, with the
increase of elongation, the length of the barrier between voids
grew along the orientation of the extension and, eventually,
PTFE fibrils were formed. The thickness of lamellae became
thinner and the perfection degree of crystal improved after
stretching. From the test of crystalline, we detected that higher
degree of crystallinity facilitates the formation of fibrils. Fibrils
were semi-crystal, and the degree of crystallinity of fibrils could
be improved by further stretching. In addition, the grain of
crystalline could be refined simultaneously.
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