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The residual effects of cumulative thermal aging on the
crystal structural characteristics of the fluoro carbon
poly(tetra fluoro ethylene) (PTFE) have been studied
by X-ray diffraction methods. The initial hexagonal
arrangement of the PTFE chains in a 157 helical confor-
mation is left unaffected by the exposures to tempera-
tures (T), up to and beyond its melting point, Tm. The
unit cell registers a residual anisotropic volume expan-
sion. The anisotropy arises from the enhanced enlarge-
ment of the basal plane dimension a compared with
the axial dimension c. Conformational changes contrib-
uting to the observed increase in the chain length have
been examined. Enhancement of residual crystallinity
of samples aged at T’s < Tm suggests that the selec-
tive thermal aging could be used as an effective tool to
improve the initial crystallinity of commercially avail-
able PTFE. The activation energy for 50% enhancement
in initial crystallinity has been estimated as 53.9 kJ
mol�1. Aging at 4008C, a temperature above Tm, is
accompanied by markedly different features viz., dete-
rioration in crystallinity and other structural character-
istics. The overall behavior of thermally aged PTFE
bears a marked similarity to many polyamides. POLYM.
ENG. SCI., 47:1724–1729, 2007. ª 2007 Society of Plastics
Engineers

INTRODUCTION

Study on the thermal aging behavior of polymeric

materials has been a topic of interest [1–3] primarily

because of the possible influence of such aging on their

initial properties, subsequent behavior, and performance.

In the past, the authors have carried out extensive investi-

gations on the effects of thermal aging on some poly-

amides viz., Kevlar, Twaron, Nylon 6,6, and Nomex. Their

studies established that the thermal aging causes significant

residual effects on the crystal as well as macrostructural

characteristics, tensile properties, weight, etc., of the poly-

amides [4–13]. This article reports the details of observa-

tions on the residual effects of thermal aging on the crystal

structural characteristics of an entirely different type of

polymer viz., a fluoro carbon, poly(tetra fluoro ethylene)

(PTFE), derived by wide angle X-ray diffraction methods.

The study also concerns deciphering similarities, if any,

between the response of the fluoro carbon and the polya-

mides. Although PTFE is recommended for use at elevated

temperatures up to 250–3008C, to date, data on the residual

effects of thermal aging are not available. The work of

Yamamoto and Hara [14] corresponds to X-ray data col-

lected with an in situ heating arrangement, up to 2508C
and does not concern residual effects. Residual effects are

very important because structural changes, if any, left

unnoticed, can affect the subsequent behavior of the mate-

rial.

As this study concerns the structural characteristics, a

brief account of the salient crystal structural characteris-

tics of PTFE at various temperatures and other conditions,

reported in literature, is included here. PTFE is known to

undergo thermally induced structural transformations at

�19, 30, and 1508C, respectively [14–22]. The various

thermally induced phases are characterized by helical con-

formations of chains with, however, distinct structural and

helical features. At temperatures < 198C, the PTFE mole-

cule crystallizes in a triclinic/pseudohexagonal unit cell

with a 136 helical conformation [15–19] and in the tem-

perature range 19–308C, a 157 helical conformation in a

hexagonal unit cell has been observed [15, 16, 20, 21].

Farmer and Eby [22] predict a 5425 helix in a monoclinic

unit cell for the former range of temperatures and the

presence of both left- and right-handed helices in a tri-

clinic unit cell for the latter range. Above 308C, the 157

helix exhibits different types of disorders [15, 16, 21].

Close to 1508C, conformational changes in the 157 helix

have also been reported [14]. Details of the structural

characteristics of various phases, induced by thermal, me-

chanical, and pressure effects, have been compiled by

Biswas and Vijayan [23]. These data indicate that the hel-

ical and the crystal structural characteristics of PTFE are

indeed sensitive to thermal as well as mechanical treatments.

EXPERIMENTAL

The samples used in this study were procured commer-

cially. Table 1 lists the temperatures at which the thermal
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aging was conducted and the corresponding durations of

cumulative exposures, tcum (T). As could be appreciated,

all the temperatures chosen were above the glass transi-

tion temperature, Tg, of PTFE viz., 1278C [24]. Although

the melting point (Tm) of PTFE is 3278C, it has been

mentioned that it degrades slowly only at T’s above

4008C [24]. In this context, it was of interest to study the

effect of excursions to 4008C, a temperature well above

the Tm of PTFE.

Rectangular discs of approximate dimensions 16 � 13

� 2 mm3 were heat-treated in air using a tubular resist-

ance furnace with temperature control and stability of

628C. Temperatures were measured with a chromel–

alumel thermocouple placed very close to the sample. For

each of the chosen temperatures listed in Table 1, a sepa-

rate disc was used for the progressive thermal aging. For

T’s < Tm, the discs were placed inside a quartz tube of

diameter �20 mm and slid into the furnace. At 4008C,

however, the samples were found to soften and conse-

quently the initially flat-surfaced discs acquired the curva-

ture of the quartz tube in which they were encased. To

avoid the introduction of such geometric changes, at

4008C, the discs were placed in a flat-bedded silica boat

and slid into the furnace. It must be mentioned that at

4008C, a temperature well above the melting point, the

PTFE discs could comfortably withstand a cumulative

300 h of exposure. Although immediately after the ther-

mal exposures, the discs had a soft, jellylike appearance,

they had not deformed physically and could be handled

for subsequent recording of the X-ray patterns.

Prior to and at various stages of heat treatment, X-ray dif-

fraction patterns were recorded in the 2y range 138–778 in

the reflection geometry, using a Philips powder diffractome-

ter and Cu Ka radiation. A graphite monochromater in the

diffracted beam and a proportionate counter were used. Sam-

ples were rotated at the rate of ¼8 per minute and the chart

speed was 10 mm/min. In each set corresponding to a fixed

temperature, patterns were recorded under identical experi-

mental conditions and are therefore directly comparable.

The parameters estimated from the diffraction patterns

were 2ymax, half width (o), and integrated intensities (I)
of reflections. The mid-point chord extrapolation method

[25] was used to estimate the 2ymax values. The unit-cell

dimensions a and c were calculated by least squares

method using the 2ymax values of six observed reflections,

viz., (10.0), (11.0), (10.7), (10.8), (21.0), and (00.15). The

indexing of reflections shown in Fig. 1 is based on the hex-

agonal unit cell reported earlier for PTFE [15, 16]. As the

reflections (20.0) and (10.15) were too weak, the reliability

in the estimation of the 2ymax values was low and hence

these reflections were not included in the least squares cal-

culations. Half-width values were measured manually using

a scale. Integrated intensities were determined from the area

under the diffraction profiles using a digitizer and an Auto-

cad system. Using the direct correlation between total inte-

grated intensity and crystallinity, the parameter k ¼ It (T)/Io
has been used to estimate the residual crystallinity of the

sample [26]. Here, Io and It (T) refer to the total integrated

intensity in the X-ray diffraction patterns recorded from

samples prior to and after heat treatment, respectively. It

must be mentioned that in the 2y range of 348–448, the

reflections (20.0), (10.7), and (10.8) occur with slight over-

lap. As the analysis was concerned only with the relative

variations in intensities/crystallinity, no attempt was made

to remove the overlap. Densities of the as received and

heat-treated discs were also estimated from the respective

weight and volume values.

RESULTS AND DISCUSSION

Figure 1 compares some of the patterns from samples

aged at 1508C with that recorded prior to the heat treat-

ment. For the sake of convenience, only selected regions

of the pattern, in the vicinity of the diffraction peaks,

have been shown. The overall features seen in Fig. 1 are

typical of patterns recorded from samples aged at other

temperatures also. Occurrence of reflections at nearly the

same 2y values, both prior to and after heat treatment

suggests that the initial hexagonal crystal structure is left

TABLE 1. T and tcum (T) values chosen for analysis.

T (8C) tcum (T), h

150 100, 400, 700, 1000, 1500, 2000, 4000

250 50, 100, 350, 500, 850, 1150

300 200, 400, 550, 650

400 100, 200, 300

FIG. 1. X-ray diffraction profiles from PTFE prior to and after expo-

sure to 150 8C. Values of (hkl) have been marked in one of the patterns.
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grossly unaffected by thermal exposures. Despite the

overall similarity, the patterns from the heat-treated sam-

ples manifest subtle differences. In particular, the 2ymax,

intensity and half width values of reflections from heat-

treated samples manifest small but detectable changes, the

details and implications of which are described below.

Unit-Cell Parameters

For the samples used in this study, the unit-cell dimen-

sions a and c, as estimated from five different specimens,

prior to heat treatment, are 5.653(3) and 19.518(5) Å,

respectively. These parameters compare well with the

values a ¼ b ¼ 5.61, c ¼ 19.5 Å [15] and a ¼ b ¼ 5.66,

c ¼ 19.5 Å [16] reported in literature. Figures 2–4 present

the percentage variations in the unit-cell dimensions

resulting from thermal aging, estimated as (Da/ao) � 100,

(Dc/co) � 100, and (DV/Vo) � 100, respectively. Here,

the suffix o denotes the parameters prior to heat treatment

and a(T), etc., correspond to the parameters of samples

exposed to temperature T. The D’s represent the differen-

ces of the type a(T) � ao. Values of the estimated stand-

ard deviations (s’s) for the least squares refined unit-cell

parameters a and c range from 0.001 to 0.01 Å, respec-

tively, for samples both prior to and after heat treatment.

Examination of the data in Figs. 2–4 shows that at

each of the chosen T’s, the first thermal exposure is

accompanied by a reduction in the unit-cell parameters

and a subsequent increase. From Fig. 4, it may be appre-

ciated that the initial reduction in volume could be much

as 0.7% (at 3008C). Such an initial reduction suggests that

the first thermal exposure leads to an improved packing

of the PTFE chains in the unit cell. Similar contraction of

the unit cell was observed in the very early stages of slid-

ing wear of PTFE and was attributed to improved packing

of the chains in the unit cell [23, 27, 28]. The shrinkage

suggests that the as-received PTFE samples perhaps

include inherent structural defects or strain such as molec-

ular misalignment and less efficient packing in the unit

cell, which get relieved subsequently when the external

energy is supplied. In the case of wear, the energy sup-

plied to relieve the strain was mechanical in nature and in

the present case, it is thermal.

The changes in the a-, c-, and V-values depend on the

parameters T as well as tcum (T). For a fixed value of T,

increase in the tcum (T) value introduces enhancements

similar to that introduced by increase in T itself. It is also

observed that for all the exposures chosen, the largest

increase in the a- and c-values is <0.5%, a value which

can be described, per se, as rather small. However, Table

2 shows that most of the observed shifts are ‡2s, thereby

suggesting that the observed increments, though small,

FIG. 3. Percentage variation in the c-value with T and tcum (T) values.

FIG. 4. Percentage variation in the unit-cell volume, V with T and

tcum(T) values.FIG. 2. Percentage variation in the a-value with T and tcum(T) values.

TABLE 2. Typical |D|/s values for the least squares refined unit cell

parameters.

T (8C) tcum(T), h |Da|/s(Da) |Dc|/s(Dc)

150 100 3.25 2.77

1500 4.50 2.90

4000 4.10 3.26

250 500 3.82 3.23

850 2.47 2.40

300 200 3.97 3.61

400 5.49 4.15

400 200 2.67 2.65

300 2.25 3.09
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are statistically significant. The residual effect of thermal

aging on the unit-cell parameters, though small, is statisti-

cally significant. It may also be pointed out that the resid-

ual changes manifested by samples aged at 4008C are

conspicuously similar to those observed at T’s < Tm viz.,

the a-, c-, and V-values manifest an initial drop followed

by a progressive increase.

Thermal aging leads to an anisotropic deformation of

the unit cell. At any stage of thermal aging, the expansion

in the basal plane dimension a is nearly 1.5–3 times more

than the corresponding increase in the c-axial dimension.

In the crystal structure of PTFE, the a-dimension refers to

the interchain distance. The observed increase in the a-

value may therefore be associated with a residual radial

expansion of the helix, induced by thermal exposures.

The c-length of the hexagonal unit cell is closely related

to the helical characteristics, pitch, and rise per residue.

From the observed c-values, progressive increase in pitch

and rise per residue has been estimated (Figs. 5 and 6). It

is found that at any T, increase in exposure time is

accompanied by a slight ‘‘stretching’’ of the helix. Near

overlap of the curves corresponding to 150 and 2508C

and the distinctly higher values of pitch and rise per resi-

due at 300 and 4008C, respectively, suggest that the heli-

cal dimensions are perhaps sensitive to a threshold tem-

perature, which in this case appears to be between 250

and 3008C. With the retention of the 157 helix, the

parameters’ residue per turn and unit twist is, however,

left unaffected by thermal exposures.

The observed increase in the c-values has also been

examined in the light of possible, localized, conforma-

tional changes. For a fictitious, all-trans conformation of

the PTFE chain, the c-length of the unit cell is expected

to be 20.25 Å. This dimension has been obtained by

replacing the hydrogen atoms in the fully extended all-

trans structure of polyethylene [15], which is the hydro-

carbon analog of PTFE, by F atoms. Using 19.5 and

20.25 Å as the c-values representing the two extremes of

conformations viz., purely helical and purely all-trans

conformations, the fraction ft of the chain, existing in a

trans conformation has been interpolated for all the c-val-

ues representing thermally aged PTFE (Fig. 7). It is

observed that after 300 h of exposure to 4008C, �9% of

the chain can exist in a trans conformation. The fraction ft
increases with T as well as tcum(T) values. The present

study cannot distinguish between the two possible causes,

which can lead to the observed increments in c-values

viz., thermal expansion of the axial, helical dimension,

and the introduction of partial conformational changes. It

is not unlikely that both the effects are introduced to

varying degrees in heat-treated PTFE.

Intensities

Interestingly, the total integrated intensity (I) in the

diffraction patterns exhibits a progressive increase with

thermal exposures. Such an overall increase in intensity

suggests a corresponding increase in the crystallinity of

the sample. The variation of residual crystallinity, k, esti-

mated from the intensities of all the observed reflections

FIG. 5. Thermally induced variations in the pitch of the 157 helix with

T and tcum(T).

FIG. 6. Thermally induced variations in the rise per residue of the 157

helix with T and tcum(T).

FIG. 7. Variation in the fraction in trans conformation, ft, with T and

tcum(T) values.

DOI 10.1002/pen POLYMER ENGINEERING AND SCIENCE—-2007 1727



in the diffraction patterns is presented in Fig. 8. It is

found that the increase in T as well as tcum(T) values

leads to the enhancement in the k value. To quantify fur-

ther, individual exposures of 4000 h at 1508C, 1150 h at

2508C, and 650 h at 3008C, respectively, lead to the cor-

responding improvements by 1.35, 1.42, and 2.7 times the

initial crystallinity. Density values listed in Table 3 pro-

vide further evidence for the improvement in crystallinity

at T’s < Tm. These observations suggest that by a judi-

cious choice of temperature and time, thermal aging can

be advantageously utilized to improve the initial crystal-

linity of commercially available PTFE samples. From the

observed increase in integrated intensity, the time needed

for 50% increase in the initial crystallinity at various tem-

peratures and the corresponding reaction rates, r, have

been derived. From the slope of an Arrhenius plot, the

activation energy for introducing 50% increase in the ini-

tial crystallinity has been estimated as 53.9 kJ mol�1.

The variation in the crystallinity of samples exposed to

4008C is different from the changes observed at T’s <
Tm. Prolonged exposure to 4008C leads to the progressive

reduction in the residual crystallinity (Fig. 8). Such a

reduction is not very surprising, because we are consider-

ing excursions to a temperature well above the Tm of the

material. The reduction in X-ray crystallinity observed at

4008C could be correlated with the onset of degradation

at that temperature. It has been reported that PTFE

degrades progressively at T’s > 4008C [24]. This study,

however, suggests that degradation initiates, perhaps at

4008C itself. Thus, in contrast with the behavior at T’s <

Tm, aging at 4008C does not offer an advantageous tool

for increasing the initial crystallinity of PTFE.

It must be mentioned that the behavior of intensities in

Yamamoto and Hara’s in situ heating experiments [14] on

PTFE fibers was very different from what has been

observed in this study. According to the former’s data,

the intensity of the basal plane reflection (10.0) showed

little change with temperature and in contrast, the inten-

sities of the reflections (00.15) and (10.15) decreased rap-

idly and also accompanied by diffuse streaking along the

15th layer line. In this study, there was no evidence for

the introduction of either diffuse streaking or decrease in

intensity. The major difference between the two sets of

experiments is that Yamamoto and Hara’s data pertain to

in situ heating conditions, whereas the present analysis

corresponds to the residual effects of heating. Both seem

to lead to distinctly different behaviors.

Half Width

The half widths (o) of reflections recorded from sam-

ples heat treated at T’s < Tm manifest sharpening. Figure

9 presents a typical variation. As is well known, sharpen-

ing is an indication of increase in crystallite dimension

and/or reduction in microstrain [29]. The behavior of

reflections from samples aged at 4008C is, however, dif-

ferent. Here, the reflections manifest a broadening sug-

gesting a corresponding reduction in crystallite size and/

or build up of microstrain. This study thus suggests that

the major changes, which could be considered as struc-

tural signatures for the onset of ‘‘degradation’’ at 4008C,

are (i) reduction in crystallinity and (ii) introduction of

microstrain and/or fragmentation of crystallites. These

changes increase progressively with the tcum(T) values.

At this juncture, it must be pointed out that the overall

nature of the changes introduced in the X-ray diffraction

patterns from thermally aged PTFE viz., shifts in the 2y
values, changes in the intensities, half width, etc., are

similar to those found in the polyamides mentioned earlier

[4–13]. On the basis of the similarities, it may be

FIG. 8. Variation of residual crystallinity k with T and tcum(T) values.

TABLE 3. Fractional values of density, r/ro, at various temperatures.

T (8C) tcum(T), h r/ro

23 1.00

150 4000 1.04

250 1150 1.08

300 650 1.12

ro refers to the density value, 2050 Kg/m3, prior to heat treatment.

FIG. 9. Fractional variation in the half width value of the reflection

(11.0) with T and tcum(T) values.
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surmised that the residual effect of thermal aging on the

crystal structural characteristics is not exclusive to poly-

amides. A close comparison of data, however, shows that

despite the overall similarities, the extent and direction of

the shifts vary from polymer to polymer.

CONCLUSIONS

Thermal aging of PTFE introduces residual changes in

crystal structural characteristics. Aging at both T’s < Tm

and T > Tm have a similar influence on the unit-cell pa-

rameters viz., at each T, an initial reduction followed by a

subsequent progressive increase with aging time is regis-

tered. It appears that after completing the thermal expo-

sures, the initial hexagonal cell is left in a slightly

expanded state like a memory effect of the thermal expan-

sion, which would have occurred during the respective

thermal exposures. The residual expansion of the unit cell

is anisotropic. The basal plane dimension a expands more

than the c-axial length. Exposures to T’s < Tm cause an

enhancement in the intensities suggesting an improvement

in the initial crystallinity of the sample. This observation

suggests that the thermal aging at selected temperatures

for appropriate time durations could be used as an effec-

tive tool to improve the crystallinity of commercially

available PTFE. The activation energy for 50% increase

in the initial crystallinity is estimated to be 53.9 kJ mol�1.

Sharpening of reflections accompanying exposures sug-

gests thermally induced growth of crystallites and/or

reduction in microstrains. PTFE manifests an overall simi-

larity to polyamides in its response to exposures to T’s <
Tm. Exposures to 4008C cause reduction in crystallinity

and also broadening of reflections. These features could

be treated as structural signatures of the onset of ther-

mally induced degradation initiating at 4008C. All the

structural changes manifest a dependence on T as well as

tcum(T) values.
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