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A C T PTFE presents an original secondary crystallization that appears to be independent of the primary one. The conjunction of differential scanning calorimetry and dilatometry experiments has offered complementary data to study both crystallization melted compacted powder and of recrystallized samples. The primary crystallization is responsible for the crystallinity content variation with the cooling rate. It preserves the anisotropy induced by previous compaction that can be observed by dilatometry. Conversely, the secondary crystallization appears to be instantaneous, reversible, kinetic-free and isotropic. It occurs over a wide temperature range between 250 • C and 310 • C.

Introduction

Polytetrafluoroethylene (PTFE) is a semi-crystalline polymer offering many attractive properties. Its very low coefficient of friction, high thermal stability, good electrical insulation properties, hydrophobicity and biocompatibility make PTFE a material of wide usage in numerous industrial applications [START_REF] Biswas | Friction and wear of PTFE-a review[END_REF][START_REF] Cox | Thermal degradation of fluorine-containing polymers. Part I. Degradation in vacuum[END_REF][START_REF] Giannetti | Semi-crystalline fluorinated polymers[END_REF][START_REF] Zhang | Superhydrophobic PTFE surfaces by extension[END_REF][START_REF] Golub | Reactions of atomic oxygen (O(3p)) with various polymer films[END_REF].

Unlike other thermoplastics, it cannot be manufactured using conventional methods. Its high viscosity in the molten state precludes the use of injection molding process. Nascent PTFE powder can be either cold-pressed, extruded with an additional lubricant or via film casting [START_REF] Ebnesajjad | Non-melt Processible Fluoropolymers: The Definitive User's Guide and Data Book Plastics Design Library[END_REF]. After each of these processes, PTFE is generally sintered. Sintering consists in heating the part above its melting temperature before cooling it down to recrystallize the polymer. The sintering stage closes the initial porosity remaining after compaction and originating from the powder state. The sintered parts exhibit a much higher cohesion as particles coalesce during the thermal treatment.

A sintering cycle generates important strains in PTFE. The concept of eigenstrain is very convenient to name the strain that would be measured in a stress-free material if its microstructure and its temperature were spatially uniform [START_REF] Mura | General theory of eigenstrains[END_REF]. For instance, in the case of a change of temperature, the eigenstrain is precisely the thermal expansion or contraction that a free solid with a uniform temperature would exhibit. PTFE overall eigenstrain originates from different physical mechanisms: thermal expansion, melting or crystallization, gas diffusion, porosity closure [START_REF] Canto | Experimental identification of the deformation mechanisms during sintering of cold compacted polytetrafluoroethylene powders[END_REF] and residual stress relaxation [START_REF] Guenoun | Thermal cycling of cold-pressed PTFE compacts: Reversible and irreversible behavior[END_REF]. It was previously shown that the eigenstrain behavior of as-polymerized PTFE follows a specific behavior related to residual stress relaxation. The residual stresses are generated during the cold compaction stage. The relaxation leads to an anisotropic behavior as PTFE particles ''recover'' part of their initial configuration (before being pressed).

Among the mechanisms responsible for the eigenstrain, melting and crystallization have the largest part. Crystallization and melting generate large strain due to the density difference between crystalline and amorphous fraction [START_REF] Kerbow | Polymer Handbook[END_REF]. In the case of cold-pressed PTFE sintering, large parts are subjected to thermal gradients. The coupling of the thermal inhomogeneity and large eigenstrain results in strain incompatibilities, and hence internal stresses, which may further lead to damage or cracking. Therefore understanding crystallization of PTFE and its kinetics is crucial to master internal stresses in a molded part during sintering.

Several authors have shown the influence of the thermal history on the crystallite size [START_REF] Bassett | On crystallization phenomena in polytetrafluoroethylene[END_REF][START_REF] Yang | Morphology evolution in PTFE as a function of melt time and temperature I: High molecular weight single-and multi-molecule folded chain single crystals and band structures[END_REF]. Crystal bands can be observed through scanning electron microscopy. Their thickness increases with crystallization temperature and with time due to the perfection of the crystals. Crystallization kinetics was shown to be a signature of one-dimensional growth [START_REF] Ozawa | Nonisothermal crystallization of poly(tetrafluoroethylene)[END_REF][START_REF] Seo | Nonisothermal crystallization kinetics of polytetrafluoroethylene[END_REF][START_REF] Wang | Crystallization behavior of polytetrafluoroethylene (PTFE)[END_REF]. PTFE was cooled at various cooling rates using ultra fast scanning calorimetry and it was shown that it crystallizes even at very high cooling rates (up to 800,000 • C/s) [START_REF] Bosq | Nonisothermal crystallization of polytetrafluoroethylene in a wide range of cooling rates[END_REF]. Therefore crystal nucleation can be considered as instantaneous. Another study, using temperature modulated calorimetry, showed an interesting ''excess'' of specific heat below its melting temperature [START_REF] Androsch | Analysis of reversible melting in polytetrafluoroethylene[END_REF]. Such anomaly could be associated to a reversible melting phenomenon.

This paper aims to address the original crystallization kinetic behavior for PTFE and its influence on the thermal eigenstrain of its melted state.

Calorimetric and dilatometric experiments are detailed in Section 2. The two experiments bring complementary information on the crystallization mechanisms. In Section 3, calorimetric measurements reveal two distinctive crystallization mechanisms. Then dilatometric measurements indicate that the primary crystallization preserves a structural anisotropy whereas the secondary one presents a purely isotropic behavior. Finally, a discussion is proposed to discriminate the observed secondary crystallization from a non linear specific heat.

Experimental

Material

A fine cut granular PTFE powder was used. Fine cut or low flow PTFE powder are usually manufactured by molding and sintering. The particle size ranges from 20 to 100 μm. Nascent PTFE crystallinity was evaluated at 90% via DSC considering a heat of fusion of 82 J g -1 [START_REF] Kerbow | Polymer Handbook[END_REF].

Sample preparation

Uniaxial compacted specimens were prepared. The powder was uniaxially pressed in a die at 50 MPa using a universal testing machine. Cubes of 8 mm edge length were obtained (see Fig. 1).

PTFE slices were obtained from the PTFE cubes using a microtome and then punched to fit inside a DSC pan. The slices thickness was chosen at 100 μm to make DSC samples of about 5 mg.

Calorimetric measurements

DSC experiments are performed to study the crystallization kinetics of PTFE. A heat flux DSC apparatus Q10 from TA instruments was used for the different calorimetric measurements. Nascent PTFE samples were first melted at 375 • C for 300 s and then cooled down at various cooling rates.

A calorigram is presented in Fig. 2 with heating and cooling rates of 10 • C/min. The first melting peak is quite narrow and occurs at a higher temperature than the second melting peak. This is attributable to the high crystallinity of nascent PTFE with large crystal lamellae. The nascent powder is crystallized upon polymerization which explains its perfection. The second melting peak is much smaller as recrystallized PTFE is usually around 30% to 50% crystalline.

The crystalization peak in blue can be integrated with respect to time to evaluate the latent heat due to crystallization. The final crystallinity content can be estimated and compared to the latent heat of fusion from the second melting peak. Both calculations lead to an evaluation of crystallinity close to 35%. The same integration method allows one to evaluate the crystallinity content as function of temperature. The crystalline fraction at a given temperature corresponds to the partial temporal integration of the crystallization peak between the start of the crystallization and the given temperature.

The specific heat of each phase, amorphous and crystalline, resp. 𝑐 am 𝑝 (𝑇 ) and 𝑐 cr 𝑝 (𝑇 ), can be described as an affine variation with temperature. However the overall specific heat 𝑐 𝑝 is not linear with temperature during the crystallization as it depends on the crystalline mass fraction

𝜒 c𝑝 (𝑇 , 𝜒) = 𝜒𝑐 cr 𝑝 (𝑇 ) + (1 -𝜒)𝑐 am 𝑝 (𝑇 ) (1) 
As the crystallinity content 𝜒 obeys a kinetic law, it is not only dependent on temperature but also on thermal history, or during the DSC measurement performed at constant cooling rate, Ṫ = 𝜙, on time and hence so does c𝑝 . Ideally, the specific heat flux q extracted from a sample in a DSC cooling experiment obeys

q = c𝑝 Ṫ + 𝛥ℎ am-cr χ (2)
where 𝛥ℎ am-cr is the specific heat of crystallization. It is to be noted that both Eqs. (1) and (2) are non-linearly coupled, so that the evaluation of 𝜒 during a DSC measurement at fixed cooling rate, Ṫ = 𝜙, cannot be directly obtained. It is proposed to estimate 𝜒 from an iterative process where the above equations are progressively made consistent with each other at convergence through a fixed-point algorithm.

To evaluate the crystallinity content as a function of time (or temperature using the prescribed (constant) cooling rate Ṫ = 𝜙), a baseline heat flux only due to the temperature change at fixed phase mass fraction, qbase (𝑡) = c𝑝 Ṫ , is introduced. However the measurement of 𝑐 cr 𝑝 for purely crystalline is not directly available for the computation of c𝑝 , so the asymptotic baseline of the recrystallized state qrecr base (𝑡) is used instead.

qbase (𝑡) = 𝜒(𝑡) 𝜒 ∞ qrecr base (𝑡) + ( 1 - 𝜒(𝑡) 𝜒 ∞ ) qam base (𝑡) (3) 
where 𝜒 ∞ is the estimated asymptotic crystallinity at room temperature evaluation of the recrystallized PTFE. qrecr base (𝑡) is related to c𝑝 (𝑇 , 𝜒 ∞ ) at the end of the crystallization which is dependent on Ṫ = 𝜙.

The integration of qexp (𝑡) from which the baseline qbase (𝑡) has been subtracted gives an evaluation of the crystallinity content 𝜒(𝑡) for a given cooling rate 𝜙

𝜒(𝑡) = 1 𝛥ℎ am-cr ∫ 𝑡 𝑡 0 ( qexp (𝑡 ′ ) -qbase (𝑡 ′ ) ) d𝑡 ′ (4) 
where 𝑡 0 is the time of crystallization onset.

To initiate the determination of 𝜒(𝑡), a first evaluation is performed from the calorigram using a linear baseline for integration. Then, a new baseline is computed from Eq. ( 3), and from the latter, 𝜒(𝑡) is time integrated using Eq. ( 4). These two steps are repeated up to convergence to a fixed point, which requires typically no more than 2 to 3 iterations. Fig. 3 shows the crystallization peak, the baseline at convergence and the integrated area.

Dilatometric measurements

The PTFE cubic specimens were placed inside a thermomechanical analyzer TMA/SDTA 840 from Mettler Toledo. The oven controls the temperature and a probe placed on top of the sample measures its dimension. The force exerted by the probe on the sample was set to 0.01 N. The true (or logarithmic) strain 𝜀 𝑖𝑖 in direction 𝑖 can be estimated from the displacement 𝑢 𝑖 and the initial size 𝐿 𝑖 , as

𝜀 𝑖𝑖 ≡ log ( 1 + 𝑢 𝑖 𝐿 𝑖 ) (5) 
The temperature gradient was limited to a few degrees Celsius by choosing heating and cooling rates of 2 • C/min. The assumption of an homogeneous temperature is essential to associate the true strain 𝜀 𝑖𝑖 to the ''eigenstrain'' of the material. Thermal computations showed that at this heating rate, the thermal gradient is less than 2 • C between specimen core and skin.

The specimens were tested in the compaction direction (CD) and in the transverse direction (TD). The thermal history chosen for the dilatometry test is very similar to the one chosen for DSC. The sample was heated up from 30 • C to 375 • C and held at this temperature for 30 min. The sample is then cooled down back to 30 • C, held 30 min and heated up again to 375 • C.

The volumetric strain is defined as

𝜀 𝑣 = log ( 𝑉 𝑉 0 ) (6)
with 𝑉 the total volume and 𝑉 0 the reference total volume. The crystalline mass fraction 𝜒 is also involved in 𝜀 𝑣 as 𝑉 = (

𝜒 𝜌 cr + 1-𝜒 𝜌 am ) 𝑀
with 𝜌 cr the density of the crystalline phase, 𝜌 am the density of the amorphous phase and 𝑀 the sample mass.

It can be shown that

d𝜀 𝑣 d𝑇 = d𝜒 d𝑇 𝛥𝜀 am-cr 𝑣 + 𝑓 𝛽 cr + (1 -𝑓 ) 𝛽 am ( 7 
)
where 𝛥𝜀 am-cr 𝑣 is the volumetric strain induced by a crystallization, 𝑓 is the crystalline volume fraction related to 𝜒 via 𝑓 = 𝜒 ( 𝜌∕𝜌 cr ) with 𝜌 the current density of the sample. 𝛽 cr and 𝛽 am are the volumetric thermal expansion coefficient of respectively the crystalline and the amorphous phase. The dilatometric experiments allows one to measure the displacements in the compaction and transverse directions. Due to the uniaxial compaction, the properties of the PTFE part can be considered as transverse isotropic. The volumetric strain can be computed via the strain in CD and TD:

𝜀 𝑣 = 𝜀 𝐶𝐷 + 2𝜀 𝑇 𝐷 (8)
In addition to containing information on the crystallinity evolution, dilatometric tests provide information on the strain anisotropy. Confronting results from DSC and dilatometry allows the consolidation of the observations [START_REF] Greco | Polymer melting and polymer powder sintering by thermal analysis[END_REF] and to better understand the crystallization process of PTFE.

Results and discussion

Crystallization dependence with cooling rate

The crystallinity content 𝜒 evolution with temperature was obtained for various cooling rates thanks to the DSC experiments (Fig. 4). As already noted in previous works [START_REF] Canto | Experimental identification of the deformation mechanisms during sintering of cold compacted polytetrafluoroethylene powders[END_REF][START_REF] Ferry | Study of polytetrafluoroethylene crystallization[END_REF], the final crystallinity content is dependent on the cooling rate. The crystallization temperature onset is estimated to be 318 • C almost independently on the cooling rate.

The crystallinity increases very rapidly over 5-10 • C. Basset observed growth of the lamellae with time spent in the similar temperature range [START_REF] Bassett | On crystallization phenomena in polytetrafluoroethylene[END_REF]. At lower temperatures, the crystallinity content continues to step up, but much slower over a range of 50 • C. The marked difference between those two stages suggests that a secondary crystallization mechanism takes place.

Secondary crystallization mechanisms are usually encountered as a different mechanism driven by the primary crystallization [START_REF] Hillier | Modified avrami equation for the bulk crystallization kinetics of spherulitic polymers[END_REF][START_REF] Kolb | Investigation of secondary crystallization of polymers by means of microbeam X-ray scattering[END_REF][START_REF] Jenkins | The effect of molecular weight on the crystallization kinetics of polycaprolactone[END_REF]. However, surprisingly, PTFE's secondary crystallization seems to be independent of the primary crystallization as its contribution to crystallinity is observed not to depend on the cooling rate as shown in Fig. 5. It appears that a mere shift of the crystallinity versus temperature curves, measured for the different cooling rates, so that the same final crystallinity is reached, appears to collapse all data onto a single master curve with a very good (although imperfect) accuracy. The curves appear to slightly fan out around 300 • C, however there is no systematic trend of the deviation with the cooling rates. Moreover, this difference may be due to imperfect baseline corrections, and thus no interpretation of this minute data dispersion is proposed. Rather, the good quality of the collapse is considered meaningful as the main evolution of the crystallinity content is extremely similar below 310 • C for all cooling rates. This figure further suggests that this secondary stage (between 315 and 260 • C) is identical for all rates. Hence, the primary crystallization is responsible for the final crystallinity content variations obtained after different thermal histories.

Two DSC experiments were designed to secure the previous conclusions. To confirm that the secondary crystallization is independent on the cooling rate, a DSC was performed at a different cooling rate only in the temperature region of the secondary crystallization (Fig. 6). To confirm that the primary crystallization is dependent on the time spent between 320 and 310 • C), an isotherm is added at 317 • C (Fig. 7). The obtained results are compared to a control experiment.

Fig. 6 shows a DSC experiment on a melted PTFE sample cooled down to ambient temperature. The initial cooling rate is 10 • C/min and is turned down to 5 • C/min below 310 • C. Then the crystallized PTFE sample is heated above its melting temperature. The melting peak can be compared to the one of the control experiment where a PTFE sample was integrally cooled down at 10 • C. It appears that the melting peaks are superimposed (Fig. 6b) which means that the final crystallinity contents are the same. This observation tends to confirm that the secondary crystallization is not dependent on the cooling rate and that the final crystallinity is due to the thermal history in the primary crystallization temperature region. The difference between the heat flow q of the experiment and the reference below 310 • C is caused by the dependence of q on Ṫ . Ideally, the DSC signals q obtained at cooling divided by Ṫ (see Eq. ( 2)) should be identical if the secondary crystallization is the same. However, in practice, this validation is not feasible as an additional offset coming from the DSC setup affects the measurement and cannot be simply canceled.

Similarly, the two signals at heating appear to be slightly different at low temperature. One could assume that the modified cooling below 310 • C is at the origin of this difference. Nevertheless, the behavior at melting above this temperature is exactly the same which means that the crystallized fraction obtained below 310 • C is not related to what crystallized at higher temperatures. It supports the assumption of two separate crystallization mechanisms. However such difference would mean that the specific capacity at low temperature has consequently changed which is not likely to happen (as the crystallinity content is not drastically modified). This difference is most probably due to the additional offsets present in the two measurements. These offsets could come from the different thermal contacts. The heating signals can then be treated to remove the baseline (as mentioned for crystallization) in order to extract the melting peaks for both experiments. This posttreatment confirms that the two peaks are similar and that secondary crystallization does not seem to depend on cooling rate. Fig. 7 shows a DSC experiment where a melted PTFE sample is cooled down to 317 • C at 10 • C/min, held for two hours at 317 • C and then cooled down at 10 • C/min to ambient temperature. Further on, the crystallized PTFE sample is heated back above its melting temperature. The melting peak is compared to the same control experiment where a PTFE sample was cooled down at 10 • C without interruption. This comparison (Fig. 7b) suggests that the hold time increased the final crystallinity content and consequently affected the overall crystallinity content.

As observed from the previous experiment (Fig. 6), the modification of the melting peak at high temperatures is related to the crystallization that occurred above 310 • C and that is most likely related to the socalled primary crystallization. Therefore primary crystallization appears to be kinetic dependent in contrast to the secondary crystallization. From a structural point of view, the increase of the melting peak towards high temperatures implies a crystalline lamellae thickening [START_REF] Ferry | Study of polytetrafluoroethylene crystallization[END_REF]. The broad region of the melting peak at lower temperatures which seems to be related to the secondary crystallization would therefore indicate much smaller crystallites.

Anisotropic thermal expansion

Overall thermal eigenstrain measurements also provide information on the phase change due to the density variation. At 25 • C, the density of the PTFE crystal is 2.302 g/cm 3 and the density of the amorphous phase is about 2.0 g/cm 3 [START_REF] Kerbow | Polymer Handbook[END_REF]. Therefore large variations of the sample dimensions are measured at melting and crystallization via TMA.

The same type of thermal cycle as in DSC was performed on a PTFE sample in a TMA instrument: a first heating, a plateau, a cooling and then a second heating. The heating and cooling rates were set to 2 • C/min to limit the thermal gradients from the skin to the core of PTFE sample. The PTFE sample was melted a first time and held at 375 • C for 100 min (Fig. 8a). Further, the melted sample was cooled down at ambient temperature and then heated up again. The displacement in the compaction direction (CD) and in the transverse direction (TD) were measured on two different samples as a transversally isotropic behavior is expected due to the uniaxial compaction process. Fig. 8 shows the measured true strains (in CD and TD) as functions of time. The strain reference has been set at the end of the cooling. It can be set by a mere translation along the strain axis thanks to the choice of logarithmic (Hencky) strains. The first striking feature observed in Fig. 8b is the symmetry between the cooling and the second heating. The anisotropy of the first heating was studied in an earlier study and was shown to be related to residual stress relaxation originating from cold compaction [START_REF] Canto | Experimental identification of the deformation mechanisms during sintering of cold compacted polytetrafluoroethylene powders[END_REF][START_REF] Guenoun | Thermal cycling of cold-pressed PTFE compacts: Reversible and irreversible behavior[END_REF]. This symmetry can be highlighted more quantitatively by plotting the strains measured in the cooling and the second heating stages as a function of temperature (see Fig. 9a). Below 300 • C, the cooling strain and the second heating strain are almost perfectly superimposed. In this temperature range, the overlap means that the crystallization is reversible and shows no hysteresis. This result is consistent with earlier observations [START_REF] Androsch | Analysis of reversible melting in polytetrafluoroethylene[END_REF].

Plotting the CD and TD curves (resp. shown in blue and red) one against the other, in Fig. 9b, provides information on the anisotropy. The slope of the curve quantifies the anisotropy of the strain. Therefore, the strain at cooling and at the second heating are isotropic below respectively 310 • C and 325 • C. Above this temperature, the curve can no more be superimposed with the line 𝑦 = 𝑥 that characterizes an isotropic behavior. It shows that the secondary crystallization induces an isotropic behavior which is reversible meaning it is the same at cooling and heating. Conversely, the primary crystallization appears to lead to an anisotropic behavior similarly to melting, reminiscent of the initial crystalline orientation. The observed hysteresis is related to the primary crystallization, which is not reversible.

Furthermore, Fig. 9b also reveals that the thermal expansion of the amorphous phase is anisotropic whereas the thermal expansion of the recrystallized PTFE is isotropic. This is a surprising paradox for PTFE. In most cases, polymer melts have a completely isotropic behavior and once recrystallized, an orientation may be generated and induce an anisotropic behavior. In the case of uniaxially compacted PTFE, the opposite occurs. The exact reason for this behavior is not completely understood. It is almost certain that PTFE melt is still orientated due to the low mobility of the molecular chains however the reason for an isotropic behavior after crystallization is unclear.

Based on previously published results [START_REF] Bassett | On crystallization phenomena in polytetrafluoroethylene[END_REF][START_REF] Yang | Morphology evolution in PTFE as a function of melt time and temperature I: High molecular weight single-and multi-molecule folded chain single crystals and band structures[END_REF][START_REF] Ferry | Study of polytetrafluoroethylene crystallization[END_REF], and on the above reported experiments, it may be concluded that the primary crystallization consists in the formation of large crystal bands that thickens with time as temperature decreases between 320 and 310 • C. This first phase transformation is rate limited and exhibits the large scale anisotropy induced by the initial cold compaction, which does not completely vanish after melting. In contrast, the secondary crystallization displays no hysteresis, so that it depends only (and instantaneously) on temperature. Thus it can be considered as an equilibrium reversible process. It is thus plausible that it consists in the nucleation-free [START_REF] Androsch | Analysis of reversible melting in polytetrafluoroethylene[END_REF] formation of many small crystals certainly of random orientation (as it induces an isotropic behavior), and hence not related to the primary crystals.

Secondary crystallization as non linear heat capacity

Because the secondary crystallization appears to be an equilibrium phenomenon, with no history (or time) dependence, it could be included into a non-linear dependence of the heat capacity of the crystal Fig. 10. Modified baseline from DSC experiment with a non linear shape at lower temperature to fit the lower part of the crystallization peak. Such baseline enables the measurement of the primary crystallization only through the peak integration (to be compared with Fig. 3). phase with temperature. Thereby, its calorimetric contribution was included into an effective 𝑐 𝑝 so as to define another baseline qbase in DSC analyses as illustrated in Fig. 10. From the DSC data, from whatever prescribed temperature-time evolution, there is no way to distinguish this analysis from the earlier one (shown in Fig. 3).

Likewise, the eigenstrain component imposed by the secondary crystallization could be replaced by an isotropic thermal expansion coefficient 𝛽(𝑇 ) depending on the temperature instead of a constant one (see Eq. ( 7)).

By construction, both descriptions give equivalent results to predict calorimetric and dilatometric experiments with PTFE.

The only way to assess that the alleged variations of 𝑐 𝑝 or of 𝛽 with 𝑇 are due to a secondary crystallization is to measure the final crystallinity content. Crystallinity measurements on PTFE are not considered as very accurate [START_REF] Lehnert | Comparative quantitative study on the crystallinity of poly(tetrafluoroethylene) including Raman, infra-red and 19f nuclear magnetic resonance spectroscopy[END_REF] but trends are consistent.

Different measurements of the final crystallinity content are gathered in Fig. 11 as a function of the cooling rate. Some measurements are coming from the DSC peak integration taking into account the secondary crystallization (first procedure). In addition, data from wide angle X-ray scattering (WAXS) performed at the European synchrotron radiation facility (ESRF), are presented. The crystalline peak and the amorphous halo are integrated on the diffractogram, providing respectively 𝐼 cr and 𝐼 am . The ratio 𝐼 cr ∕(𝐼 cr +𝐼 am ) gives a second estimate of the crystallinity content. On those WAXS measurements, the uncertainty is quite high due to the choice of the baseline. For each cooling rate, two measurements were performed and the crystallinity content was evaluated with a lower and a higher value from the choice of the baseline. A consistent methodology was applied and the observed trend is coherent with the DSC measurements. A third evaluation was obtained after sintering on the TMA machine by density measurements using Archimedes' principle. The crystallinity is evaluated from the value of the density knowing the density of the amorphous and the crystalline phase. The result was averaged over three experiments. All resulting data are consistent with the other measurements.

The crystallinity results confirm that the values obtained by DSC taking into account the secondary crystallization give the correct crystallinity content. Without the secondary crystallization, the DSC values would drop by 25%, reaching a value too small to be consistent with the other measurements.

To further investigate the existence of a secondary crystallization mechanism, X-ray diffraction experiments were performed during the cooling of molten PTFE. Fig. 12 provides the value of the integration of the crystalline peak observed on the measured X-ray diffractogram as function of temperature during cooling stage. This scalar is a good indicator of the evolution of the crystallinity content. It reveals that new crystals are still being formed below 310 • C. This result again seems to confirm that the reversible phenomenon observed using DSC and TMA experiments is an original secondary crystallization mechanism.

The X-ray diffraction experiment performed during cooling at ESRF synchrotron facility also provides information on the crystalline orientation during crystallization. The methodology of determination of the crystalline orientation from 2D X-ray snapshots will be presented in a forthcoming publication.

Conclusion

As previously noticed, PTFE exhibits a very large excess heat capacity over a large temperature range [START_REF] Androsch | Analysis of reversible melting in polytetrafluoroethylene[END_REF]. It has been argued in the present study that this apparent excess heat capacity actually originates from a reversible latent heat instead of a plain specific heat. The latent heat is associated to an original crystallization mechanism termed secondary crystallization as opposed to the primary one that occurs at high temperature and that is kinetic dependent. Secondary crystallization appears to be surprisingly reversible, which means that no hysteresis is observed between its melting and crystallization. This is to be contrasted with usual polymer phenomenology (such as the primary mechanism), as no dependence on temperature history nor on temperature rate has been observed. Thus no high activation barrier, no nucleation process and no rate-limited transition appear to be at play. The primary crystallization is responsible for an eigenstrain that keeps (at least) part of the crystalline orientation induced by the initial compaction. As PTFE molar mass is very high, it is expected that the macromolecules keep their large scale orientation even in the molten state. Primary crystals could be originating from the polymer chains whose large scale orientation is inherited from the preparation stage (cold pressing) to form crystalline bands. Those bands would thicken due to crystal perfection with time as temperature is lowered. The high molar mass also causes preferential orientation at a lower scale as the chain mobility is extremely low. This preferential orientation is remnant from the nascent crystals and it most certainly explains the fast crystallization kinetics similar to the one observed in the case of flowinduced crystallization. On the contrary, the secondary crystallization induces an isotropic eigenstrain. It could be related to small crystals independent from the primary crystals that are at thermal equilibrium.

Observing PTFE crystallization via in-situ test using scanning electron microscopy would be very interesting. The thickening of the primary crystals could be observed and the secondary crystals would probably be too small to be seen. However, the absence of visual change in the secondary crystallization temperature range would support this hypothesis.

The eigenstrain behavior is very different between as-polymerized PTFE (first heating) and melted PTFE (cooling and second heating). For as-polymerized PTFE, the eigenstrain is affected by the residual stress relaxation due to the compaction stage. This leads to very anisotropic eigenstrains. For melted PTFE, the eigenstrain is only anisotropic in the molten state and in the first part of the crystallization (or melting of the primary crystals). At lower temperature, either secondary crystallization and melting or thermal expansion are isotropic and reversible. It would be interesting to understand why recrystallized PTFE thermal expansion seems isotropic while that of molten PTFE is anisotropic.

Fig. 1 .

 1 Fig. 1. Uniaxial compaction of PTFE powder inside a die to produce cubes of 8 mm edge length. The compaction direction (CD) and transverse directions (TD) are indicated.

Fig. 2 .

 2 Fig. 2. DSC calorigram obtained from green PTFE with heating/cooling rates of 10 • C/min. A second heating was performed to melt recrystallized PTFE. The first heating stage is shown in dark red, first cooling in blue, second heating is light red. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 3 .

 3 Fig. 3. Computed baseline to perform the crystallization peak integration for a molten PTFE sample cooled down at 10 • C/min.

Fig. 4 .

 4 Fig. 4. Crystallinity content 𝜒 evolution during crystallization for various cooling rates.

Fig. 5 .

 5 Fig. 5. Crystallinity content 𝜒 evolution for various cooling rates shifted to reach the same final level. It appears that the measurements between 315 and 260 • C for all cooling rates are almost coincident.

Fig. 6 .

 6 Fig. 6. DSC experiment to test the secondary crystallization mechanism. A molten PTFE sample is cooled down at 10 • C/min until 310 • C and then cooled down at 5 • C. The sample is then heated up at 10 • C/min and its melting peak is compared to the reference sample exclusively cooled down at 10 • C/min (a). A zoom is made on the melting peaks (b).

Fig. 7 .

 7 Fig. 7. DSC experiment to test the primary crystallization mechanism. A molten PTFE sample is cooled down at 10 • C/min until 317 • C, is held at this temperature for 2 h and then is cooled down at 10 • C/min. The sample is then heated up at 10 • C/min up to its melting peak and is compared to the reference sample merely cooled down at 10 • C/min (a). A zoom is made on the melting peaks (b).

Fig. 8 .

 8 Fig. 8. (a) Thermal cycle imposed for the TMA experiment. (b) Measured true strain of the PTFE samples (50 MPa-pressed) during the thermal cycle in CD and TD. The reference state for strain evaluation is chosen at the end of the sintering period (at 250 min).

Fig. 9 .

 9 Fig. 9. (a) Measured strain (CD and TD) as function of temperature, for the cooling and the second heating (of a melted PTFE sample uniaxially compacted at 50 MPa); (b) Strain in CD as function of strain in TD compared to line 𝑦 = 𝑥 representing an isotropic behavior. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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 11 Fig. 11. Final crystallinity content measured via DSC, XRD and Archimedes density measurement for different cooling rates.
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 12 Fig. 12. Evolution of the integrated X-ray diffracted crystalline peak as function of temperature at cooling.
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