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Introduction

Polytetrafluoroethylene (PTFE) is a semi-crystalline polymer used in numerous applica-
tions in our everyday life. Due to its (extraordinary) specific physico-chemical properties,
this polymer is manufactured differently from the other thermoplastics. One of these pro-
cesses consists in pressing as-polymerized PTFE powder into cylindrical preforms called
billets. Pressed PTFE is also reffered to as green PTFE. The billets are later heated
above PTFE melting temperature to obtain a “homogeneous” part by erasing interfaces
between compacted powder grains. This process stage is called sintering. Sintered PTFE
or melt-crystallized PTFE is therefore machined according to its applications.

This work focuses on the sintering of green PTFE and investigates the different mecha-
nisms of deformation that take place. Models are developed for each mechanism in order to
be able to simulate the thermomechanical behavior during sintering stage and to determine
how to improve the process parameters.

In this introduction, a presentation of PTFE is made in section 1 with its discovery, its
principal applications and its synthesis processes. The different manufacturing processes
are detailed in section 2. A focus is made on PTFE sintering and the main challenges that
it brings. Finally, the structure of the manuscript is presented in section 3.

1 Polytetrafluoroethylene

1.1 Discovery

Polytetrafluoroethylene (PTFE) was discovered by chance by Dr. Roy Plunkett of DuPont
Company in 1938 [1]. While seeking for a new fluorinated refrigerant, he realized that the
cylinder of tetrafluoroethylene (TFE) he was using had no more pressure in it. When he
sawed the cylinder in half to check what was left in it, he found PTFE powder (Figure 1).
The discovery of PTFE is a famous example of serendipity.

After several analyses of the white powder, he discovered that it corresponded to PTFE,
the linear polymer obtained from TFE. It was then found that PTFE was very slippery,
had no flow and was almost chemically inert. Processing methods were designed for PTFE
based on metal powder processing. Those methods are still used nowadays, as evidenced
by this work which deals with PTFE sintering for industrial applications.

PTFE was then used for the Manhattan project as a corrosion-resistant material to
contain Uranium hexafluoride. For those reason, the US government kept the PTFE secret
during World War II.

In 1947, DuPont started the commercial production of Teflon® (trademark for PTFE).
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14 INTRODUCTION

Figure 1: Discovery of PTFE by Dr. Plunkett (on the left) after sawing of the TFE
cylinder. Image from the Hagley Museum and Library.

1.2 Properties

PTFE possesses numerous valuable properties. Those are mainly related to the atomic
structure of fluorine and of the carbon chains.

Those properties are:

• High melting point [1]
• High thermal stability [1]
• Good mechanical properties at extreme temperatures (low and high)
• Chemical inertness [2, 3]
• Insolubility [3]
• Low coefficient of friction [4]
• Resistance to corrosion [2]
• Hydrophobicity [5]
• Flame resistance [6]
• Good weatherability [1]
• Low dielectric constant / good electrical insulator [1]
• Purity [1]

1.3 Applications

Plenty of industrial application were designed taking advantage of the properties of PTFE
[1]. Among them are:

• Bearing (constrains relative movement and reduces the friction between moving
parts) shown in Figure 2a

• Seals
• Thread seal tapes shown in Figure 2b
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16 INTRODUCTION

PTFE to precipitate.
Granular resins (fine cut and pelletized) are derived from suspension. Fine cut resin

is usually obtained by milling the raw suspension to obtain particles of size between 20 to
100 µm. This resin has an apparent density below 0.5 g/cm3. Pelletized resin is produced
by agglomeration of fine cut powder. Therefore, its particle size is usually around 500 µm
and has an apparent density above 0.5 g/cm3. Due to their different flowability, fine cut
resin is also called low flow resin and pelletized resin is called free flow resin.

In the case of emulsion, TFE is polymerized in water with mild agitation and large
quantities of dispersant.

PTFE dispersion is obtained by concentrating the generated emulsion solution and is
used for coatings. Fine powder is produced by coagulation, then separation and finally
drying of the colloidal particles of the emulsion solution. Fine powder is generally used for
paste extrusion and is composed of particles around 500 µm in size.

2 Manufacturing process

Traditional thermoplastic manufacturing processes are not used for PTFE because of its
extremely high viscosity in the molten state. This is also the case for high density polyethy-
lene that is processed from nascent powders [7].

2.1 Overview of existing processes

Three manufacturing processes of PTFE are predominantly used: compression molding
for granular PTFE, extrusion for PTFE fine powder (and granular PTFE), and coating of
PTFE dispersion.

Compression molding

Granular PTFE resin is pressed into preforms in a mold at ambient temperature. Those
preforms are often called billets which are hollow cylinders. Their diameter usually ranges
between 75 to 500 mm and their height between 100 to 1200 mm [1]. They can weigh almost
500 kg. Then the preforms are sintered in ovens to make the PTFE particles coalesce and
to remove the porosity originating from compaction.

The sintered billets can be machined to make final parts. They can be skived using a
blade by making the billet turn around a mandrill to obtain PTFE films. Those films can
reach thicknesses between 50 to 400 µm.

Fillers can be added to the PTFE powder to enhance the mechanical, the wear or other
properties of the final product.

Extrusion

Unlike traditional thermoplastic extrusion processes, PTFE paste extrusion is performed
with the help of a lubricant [1]. Mixing PTFE fine powder with a lubricant lowers the
pressure needed for extrusion. This lubricant is removed after extrusion by evaporation
(at a lower temperature than PTFE melting temperature). Other types of extrusion can
also be performed such as tube extrusion.

The interest of extrusion is the high strain imposed to the PTFE particles thanks to the
different reduction ratios in the extruder. It leads to fibrillation of PTFE particles inside

Full document details: Frittage de pièces de Polytétrafluoroéthylène (PTFE) compacté : Mécanismes physiques et modèles

http://www.avadocuments.com/doc/frittage-de-pieces-de-polytetrafluoroethylene-ptfe-compacte-mecanismes-physiques-et-modeles
http://www.avadocuments.com/doc/frittage-de-pieces-de-polytetrafluoroethylene-ptfe-compacte-mecanismes-physiques-et-modeles


Full document details: Frittage de pièces de Polytétrafluoroéthylène (PTFE) compacté : Mécanismes physiques et modèles

http://www.avadocuments.com/doc/frittage-de-pieces-de-polytetrafluoroethylene-ptfe-compacte-mecanismes-physiques-et-modeles
http://www.avadocuments.com/doc/frittage-de-pieces-de-polytetrafluoroethylene-ptfe-compacte-mecanismes-physiques-et-modeles


18 INTRODUCTION

3 Structure of the study

The goal is to characterize the different elements necessary to perform a thermomechanical
simulation of a PTFE compact sintering. Thus, it is essential to understand the different
strain mechanisms that occur during sintering (Chapters 3 to 5) and to characterize the
mechanical behavior for PTFE at different temperatures (Chapter 6). The simulation can
then be developed using a thermomechanical model that reproduce the different mecha-
nisms of deformation (Chapter 7). A finite element analysis framework is proposed and
compared with various experiments (Chapter 8).

The content of each chapter is detailed below.

Chapter 1 - PTFE sintering: state of the art

Two different reviews are presented:
First, the different transitions and microstructural evolution of PTFE are exposed. A

focus is made on crystallization mechanisms and crystallization kinetics models.
Second, models and simulations related to sintering of PTFE compacts are summarized.

Chapter 2 - Material and methods

The different experimental methods used during this work are described in this chapter.
Differential scanning calorimetry (DSC) method and how to obtain a good baseline from
it is explained. Thermomechanical analysis (TMA) technique is presented to measure the
eigenstrain during sintering. X-ray diffraction (XRD) techniques and a convenient orien-
tation measurement method is proposed. Then, visualization techniques such as scanning
electron microscopy and X-ray microtomography are briefly introduced. Mechanical test-
ings and dynamical mechanical analysis (DMA) are presented too. Finally, digital image
correlation (DIC) and infrared spectroscopy techniques used for the analysis of the valida-
tion experiment are detailed.

Part I - Thermal uniformity

This part deals with the behavior of PTFE evolving with temperature in the case of thermal
uniformity in the part.

Chapter 3 - Green PTFE behavior

Green PTFE compact behavior at heating is studied in this chapter. On top of the thermal
expansion and eigenstrain due to melting, an irreversible mechanism due to residual stress
relaxation is unveiled.

Chapter 4 - Void closure

In this chapter, the influence of the green PTFE compaction pressure on the initial porosity
fraction is characterized. It reveals a void closure mechanism producing an eigenstrain
opposed to the strain due to melting.
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Chapter 5 - Melt-crystallized PTFE behavior

A singular crystallization kinetics is observed for molten PTFE with two independent
crystallization mechanisms. As opposed to green PTFE, melt-crystallized PTFE under
thermal cycle shows a more reversible (and isotropic) behavior.

Chapter 6 - Thermomechanical behavior

The mechanical properties of PTFE are investigated as function of temperature. The
Young’s modulus is measured at different temperatures for green and sintered PTFE.
Viscous effects are found to be negligible and molten PTFE features elastomeric elasticity.
An elastoplastic behavior is characterized for sintered PTFE.

Part II - Thermal inhomogeneity

This part deals with the behavior of PTFE evolving with temperature in the case of thermal
inhomogeneity in the part. The addition of thermal gradient induces stresses inside the
part. Thermomechanical simulations can try to evaluate this stress for any thermal loading.

Chapter 7 - Model equations: application to a semi-infinite PTFE part

The different models for the crystallinity kinetics, for the eigenstrain components and for
the thermomechanical behavior are detailed and applied in a matlab simulation.

Chapter 8 - Finite element analysis of the sintering

A finite element (FE) method framework is set using the previous models in Abaqus®

software. The FE analysis is compared to validation experiments to confirm its results.
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Chapter 1

PTFE sintering: state of the art

This chapter contains a state of the art on the microstructural
evolution of PTFE during sintering and of the elements of

modeling needed to perform a thermomechanical simulation of
PTFE sintering.
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its modeling.

Avrami model

The most known model for crystallization kinetic is the Avrami model which describes
spherulitic crystal nucleation and growth [36, 37, 38]. The Avrami model is relevant for
isothermal crystallization and has been widely applied for metals and polymers crystalliza-
tion. The Avrami equation estimates the relative crystallinity content ↵ = �/�1 where
� is the crystalline mass fraction and �1 the crystalline mass fraction at the end of an
isothermal crystallization:

↵(t) = 1� exp (�K tn) (1.2)

where K(T ) is the Avrami kinetic constant which depends on the isothermal temperature
T and n is the Avrami exponent which characterizes both the growth dimension and the
nucleation type (instantaneous or sporadic). The parameter n is a positive integer between
1 and 4. It is equal to the growth dimension for an instantaneous nucleation and to the
growth dimension + 1 for a sporadic nucleation. For example, n = 1 corresponds to an
instantaneous nucleation with a linear growth, and n = 4 to a sporadic nucleation with
growth in the three dimensions.

The Avrami model relies on several assumptions:
• uniform nucleation;
• no volume change during transformation;
• complete transformation;
• constant growth rate during the transformation.

Ozawa model - constant cooling rates

Ozawa extended the Avrami model to anisothermal crystallization in the case of a constant
cooling rate. This model is very convenient to analyze anisothermal DSC experiments.
Those experiments are mandatory when the crystallization is fast and it is not possible to
perform isotherms without initiating the crystallization. The equation of the Ozawa model
[39] is defined as

↵(T ) = 1� exp

 
�
k
�
T
�

�n

!
(1.3)

where k(T ) is the Ozawa kinetic constant and � is the cooling rate.
The Ozawa model relies on the additional isokinetic hypothesis. It implies that the

growth rate G and the nucleation rate Ṅ follow the same temperature evolution.
The Ozawa kinetic constant k(T ) is related to the Avrami kinetic constant K(T ) by

the following equation:

K =

 
dk1/n

dT

!n

(1.4)
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1 Microstructural evolution of PTFE during sintering 29

Nakamura model - indifferent thermal history

Nakamura extended the Avrami model to any thermal history. This model is essential to
simulate the evolution of the crystallinity content for a complex thermal loading such as
the one observed by PTFE in a billet during sintering. The equation of Nakamura model
[40] is

↵(t) = 1� exp

✓
�

⇢Z t

0


�
T (⌧)

�
d⌧

�n ◆
(1.5)

where  is Nakamura kinetic constant and is related to the other kinetic constants via

 = K1/n =
dk1/n

dT
(1.6)

It can also be expressed using the differential expression which is more convenient for
incremental computations

d↵

dt
= n 

�
T (t)

�⇢Z t

0


�
T (⌧)

�
d⌧

�n�1

(1� ↵) (1.7)

Kinetic constant evolution

Hoffman and Lauritzen proposed an expression for the growth rate G [34] as function of
the temperature

G(T ) = G0 exp

✓
�

U⇤

R(T � T1)

◆
exp

✓
�

Kg

T∆Tf

◆
(1.8)

where G0 is a constant, U⇤ is the activation energy for macromolecules movement (usually
ranging between 4000�7000 J/mol [34, 41]), R is the gas constant and Kg is a parameter
associated to nucleation. T1 is a temperature where any macromolecular movement is
forbidden, and usually T1 = Tg � 30, where Tg is the glass transition temperature. ∆T =
T 0
m � T where T 0

m is the melting temperature of an infinite crystal and f is defined by
f = 2T/(T 0

m + T ).
The first exponential term exp (�U⇤/R(T � T1)) conveys the diffusion process of the

chains in the molten state. The further above T1 the temperature T , the higher the
diffusion. The second exponential term exp (�Kg/T∆Tf) is related to the nucleation at
the surface of the crystalline lamella. The further below Tm the temperature, the faster
the growth of the lamella. Those two terms balance each other producing a temperature
function similar to an asymmetric Gaussian.

The same type of temperature evolution is generally chosen to characterize the ki-
netic constant K(T ) [42, 43, 44]. An illustration of the kinetic constant as function of
temperature is proposed in Figure 1.10.

Secondary crystallization kinetics

Secondary crystallization mechanisms are also a very common feature in polymers [45, 46,
47, 48, 49]. Some models exist to try to capture the overall kinetics. Verhoyen proposed
the consecutive Avrami model [50] which sums up to independent crystallization kinetics.
The equation of the consecutive Avrami model is

↵(t) = w1

�
1� exp (�K1(t� ti1)

n1)
�
+ w2

�
1� exp (�K2(t� ti2)

n2)
�

(1.9)
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PTFE crystals to form fibrils under shear [66, 67].

Sintered PTFE yield stress evolution with temperature has been investigated by several
authors via tensile tests or compression tests [61, 68]. Figure 1.15 gathers those results in
one graph. The evolution of the yield stress with temperature seems similar to the evolu-
tion of Young’s modulus. In particular, the same slope discontinuity seems to be observed
below 100° C which could correspond to the ↵-transition (glass transition of the RAF).

Figure 1.15: Yield stress of sintered PTFE as function of temperature measured by dif-
ferent authors: Kerbow et al. from tensile and compression tests [61], Jordan et al. from
compression tests [68].

Mechanical models for PTFE

Some authors modeled the thermomechanical behavior of PTFE [69, 70]. They all de-
compose the behavior into two terms, one viscoelastic component and one viscoplastic
component. In other words, a part of the strain is reversible, another is irreversible and
both are time-dependent. A representation of the models used to describe behavior PTFE
is shown in Figure 1.16.

Similarly Bergström modeled the thermomechanical behavior of PTFE with fillers for
large strains using the Dual Network Fluoropolymer model [71]. This model was used
to simulate the viscoelastic behavior and the viscoplastic behavior corresponding to irre-
versible chain sliding. The viscoelastic behavior is described by a combination of short term
and long term relaxations. This model has been tuned using a set of specific experiments
up to 200°C (uniaxial tension tests, uniaxial compression tests, volumetric compression
tests and multiaxial small punch tests).

Mechanical properties of green PTFE after compaction

PTFE powder compaction 3D-behavior has been characterized by Canto [8] and Fredy et
al. [9, 10] at room temperature using a triaxial machine. A Drucker-Prager/cap model was
used to describe the mechanical behavior of PTFE during compaction. The mechanical
properties of PTFE have been identified for different void ratios e (i.e. different levels of
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Chapter 2

Material and methods

The material and the different experimental methods used to
produce this PhD project are presented in this chapter.
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Sections or subsections followed by an † are issued from the article:
PTFE crystallization mechanisms: Insight from calorimetric and dilatometric experi-

ments, to be submitted

Sections or subsections followed by an • are issued from the article:
Orientation in transversely isotropic semi-crystalline polymer: application to uniaxially

compacted PTFE, to be submitted

This chapter aims at presenting the material used in this study and the different ex-
perimental methods applied to characterized PTFE compacts behavior during sintering.

Section 1 deals with type of PTFE resin used and its pressing to form green parts.
Differential scanning calorimetry (DSC) is presented in section 2. This technique is used
to evaluate the thermal behavior, to characterize melting and crystallization in PTFE. In
section 3, dilatometry is introduced to measure the thermal strain caused by a sintering
cycle. An X-ray diffraction method for the characterization of the crystalline orientation in
semi-crystalline polymers is described in section 4. Different observations methods detailed
in section 5 were used to characterize and estimate the microstructure of PTFE compacts.
Finally, the mechanical properties were evaluated thanks to different techniques and field
measurement methods that are presented in section 6.

1 Material

1.1 PTFE resin

A fine cut (or low flow) granular PTFE resin was chosen. The initial crystallinity content
of the powder is above 90 %. The molar mass of the powder is about 107 g/mol.

This type of resin is currently used for compaction molding and is suitable for com-
pounding with fillers. More details on the difference between free flow, low flow resins and
other type of PTFE powders are presented in Introduction .

On the SEM image of the PTFE powder in Figure 2.1, PTFE particles in the range
of 20-100 µm can be observed. Those particles appear as fluffy flakes with a complex
sub-microstructure (Figure 2.1b). The individual size of those elements is in the range of
100-500 nm. Therefore, two types of porosities can exist in the material after compaction,
one macro-porosity to be linked with the particles size itself and a micro-porosity at a
submicrometric scale. Chapter 4 deals with porosity and their evolution during sintering.

1.2 Thermal characterization

A calorigram of compacted PTFE is shown Figure 2.2. This experiment was performed
on a differential scanning calorimeter with a 5 mg sample heated up at 20°C/min. The
calorigram shows that the melting temperature of this resin is close to 340°C. It highlights
an inflexion close to 250°C revealing a diffuse phase transition below the melting peak that
could correspond to the melting of smaller crystals.

1.3 Sample preparation: cold pressing and slicing

In this work, PTFE compacts obtained (mostly) from uniaxial compaction are studied.
Uniaxial pressing consists in filling a rigid die with PTFE powder and then compacting it
by applying pressure with a piston. Figure 2.3 illustrates the powder compaction.
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46 Chapter 2. Material and methods

2 Differential scanning calorimetry (DSC)

2.1 Method description

Differential scanning calorimetry (DSC) is a thermal analysis method. It measures the
heat energy uptake for a specific a thermal history. This method is used to characterize
phase transitions. From the heat flow measurement, the transition temperature and the
enthalpy associated can be estimated. For semi-crystalline polymers, this method is widely
used to determine the glass transition, melting and crystallization [74, 75]. DSC is very
convenient to study crystallization kinetic [76, 77].

The DSC method consists in measuring the temperature of the sample and of a reference
sample, both placed in a precisely controlled oven. The temperature difference between
the sample and the reference is related to the energy released or absorbed by the sample.
At constant cooling or heating, it is linked to the specific heat capacity and latent heat of
a phase change (see subsection 2.2).

To perform DSC on PTFE compacts, PTFE slices were punched into 5 mg disks. The
thickness of the sample was limited to 100 µm to reduce thermal gradients (see subsection
2.3. The disk was placed in an standard aluminum pan (20 mg). A TA instruments Q10
was used for the DSC experiments. The heating and cooling rates were set between 0.5 to
20°C/min.

2.2 Crystallinity evaluation from DSC†

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

ecp(T,�) = �ccrp (T ) + (1� �)camp (T ) (2.1)

As the crystallinity content � obeys a specific kinetic, it is not only dependent on temper-
ature but also on thermal history, or during the DSC measurement performed at constant
cooling rate, Ṫ = �, on time and hence so does ecp.

Ideally, the specific heat flux q̇ extracted from a sample subject to melting or crystal-
lization in a DSC experiment obeys

q̇ = ecpṪ +∆ham-cr�̇ (2.2)

where ∆ham-cr is the specific heat of crystallization.
It is to be noted that both equations (2.1) and (2.2) are non-linearly coupled, so that the

evaluation of � during a DSC measurement at fixed cooling rate, Ṫ = �, cannot be directly
obtained. It is proposed to estimate � 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 = �), a baseline heat flux only due to the temperature
change at fixed phase mass fraction, q̇base(t) = ecpṪ , is introduced. However the measure-
ment of ccrp for purely crystalline is not directly available for the computation of ecp, so the
asymptotic baseline of the recrystallized state q̇recr

base(t) is used instead.

q̇base(t) =
�(t)

�1
q̇recr
base(t) +

✓
1�

�(t)

�1

◆
q̇am
base(t) (2.3)
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2 Differential scanning calorimetry (DSC) 47

where �1 is the estimated asymptotic crystallinity at room temperature evaluation of the
recrystallized PTFE. q̇recr

base(t) is related to ecp(T,�1) at the end of the crystallization which
is dependent on Ṫ = �.

The integration of q̇exp(t) from which the baseline q̇base(t) has been subtracted gives
an evaluation of the crystallinity content �(t) for a given cooling rate �

�(t) =
1

∆ham-cr

Z t

t0

⇣
q̇exp(t

0)� q̇base(t
0)
⌘
dt0 (2.4)

where t0 is the time of crystallization onset.
To initiate the determination of �(t), a first evaluation is performed from the calorigram

using a linear baseline for integration. Then, a new baseline is computed from Eq. (2.3),
and from the latter, �(t) is time integrated using Eq. (2.4). These two steps are repeated
up to convergence to a fixed point, which requires typically no more than 2 to 3 iterations.
This computation is performed in Chapter 5. Figure 5.2 shows the crystallization peak,
the baseline at convergence and the integrated area.

2.3 Thermal gradient effects

In DSC experiments as the heating/cooling rates be significant compare to the sample
thickness, thermal gradients can considerably modify the measurement. To gauge this
effect, DSC experiments were performed on green PTFE at melting for various thicknesses
at 20°C/min. The samples of different thicknesses were obtained by stacking PTFE disks
in the DSC pan and therefore increasing the sample mass. Figure 2.5a shows the DSC
signal for samples with different thicknesses. The melting peak widens due to thermal
gradient as the thickness of the sample increases. Thermal gradients delay the heating in
the core region causing a widening of the peak. This thermal delays effect on the melting
peak can be retrieved by a mere thermal simulation. Figure 2.5b shows the melting peak
simulated for a 100 µm and a 1 mm thick samples.

(a) (b)

Figure 2.5: DSC melting curves obtained for samples with different thicknesses at 20°C/min
(a). A widening and a shift of the melting peak is observed for thicker samples. The same
effect is retrieved with a thermal simulation of the DSC melting curve for 100 µm and 1
mm thick samples (b).
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3 Dilatometric measurements 49

far as the preparation conditions were the same. Dilatometric results appear to be sensitive
to the compaction conditions. In particular, the powder temperature and maybe the hy-
grometry seem to modify the dilatometric behavior. To maintain the reproducibility of
the experiments, the powder was stored at 4°C in a refrigerator before to compaction to
remain below the crystalline phase transition at 19°C

Assuming a homogeneous state (from quasi-static temperature variations) the true (or
logarithmic) strain "ii in direction i = CD or TD can be estimated from the displacement
ui and the initial size Li, as

"ii ⌘ log

✓
1 +

ui
Li

◆
(2.5)

all along the thermal cycle (no implicit summation on index i). Note that this is the mean
strain from the initial state considered as a reference, and the current state. Resorting to
true strains allows us to change reference if so desired by mere subtraction of the strain of
the newly chosen reference state.

The dilatometry test is performed on different samples, some to test the compaction
direction (CD) and others for the transverse direction (TD) as the samples are transversely
isotropic due to the uniaxial compaction (Figure 2.3).

From this transverse isotropy symmetry, the strain tensor is expected to be fully char-
acterized by the TD and CD strain components. Choosing the third axis along the CD,
the strain tensor assumes the following form

ε =

0
B@

"TD 0 0

0 "TD 0

0 0 "CD

1
CA (2.6)

3.2 Eigenstrain measurements†

In the dilatometric experiments, the temperature gradient was limited to a few degrees
Celsius by choosing heating and cooling rates of maximum 2°C/min. Thermal computa-
tions showed that at this heating rate, the thermal gradient is maintained to 2°C between
core and the edge of the specimen. Because of the homogeneity assumption and the as-
sumption that the applied force is null, the measured strains are actually “eigenstrains” for
constitutive law formulation of the thermo-mechanical behavior.

Eigenstrains correspond to the strains not related to external forces [78]. Among those
stress-free strains are the thermal expansion and strain related to phase transformation.
In practice, the eigenstrain is defined at the scale of the representative volume element
(RVE). During phase transformations part of the microstructure can be constrained even
if the stress is null at the scale of the RVE. The overall eigenstrain gathering the different
eigenstrain components is expressed as "⇤ii.

From the previous assumptions, the measured strains for PTFE compacts will be con-
sidered equal to the overall eigenstrain of PTFE,

"ii = "⇤ii (2.7)

During sintering, the eigenstrain of PTFE is caused by various physical mechanisms
such as thermal dilation, phase change, void closure and residual stress relaxation. Those
mechanisms will be studied in the next chapters (Chapters 3,4 and 5).
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